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Summary
This study has investigated the use of exergy analysis when applied to the UK steel sector. The aim has 
been twofold: to assess whether exergy analysis provides greater insight into physical processes at this 
level than conventional thermodynamic analyses; and whether it can be used to identify ways that this 
sector has reduced its impact on the environment in the past, and how this might continue in the future.
An overview of the issues surrounding resource consumption and waste generation and their relationship 
to the steel sector are given [Chapter 1]. The theory behind exergy analysis is then reviewed and its 
relevance to reducing resource use and waste minimisation examined [Chapter 2].
An exergy analysis was performed on all the processes within the steel sector [Chapters 3 & 4] and the 
reasons for thermodynamic inefficiencies discussed. Based on these analyses, exergy analysis was found 
to be superior to other methods in describing some, but not all, processes when compared with two forms 
of energy analysis [Chapter 5]. This is due to fact that exergy includes an account of entropy which 
quantifies thermodynamic quality. It was shown that reducing the exergy consumption of the steel sector 
leads to a reduction in resource use and to some extent will lead to a reduction in the emission of 
pollutants.
Two different systems which could represent the UK steel sector were investigated to determine which 
best fitted the aims of the study [Chapter 6]. The first system was based on all processes within the UK 
which were linked to the use of steel; the second was based on all processes, regardless of location, 
which were linked to the use of steel in the UK. It was found that for the steel sector at least, there was 
little difference in the exergy consumption of each system, although these were structurally quite
different. Finally a system was chosen to represent the UK steel sector which best suited the needs of the 
study. This system was used to examine the evolution of the steel sector from 1954-1994, detailing all the 
main steel and scrap flows, the exergy consumption in: mining, transport, steel production and scrap 
processing, the effects of trade and the role of manufacture and product use in generating scrap [Chapter 
7]. It was found that the exergy consumption of the UK steel sector has fallen twofold in this time period, 
indicating a large reduction in resource consumption.
Based on past evolution, scenarios for possible futures of the steel sector were constructed [Chapter 8]. 
These showed that from 1994 to 2019 substantial reductions in the exergy consumption of the sector are 
possible (between 15% and 72% of 1994 levels by 2019) through changes to: the overall demand for steel 
goods, the technology of steel production and the mix of steel production methods.
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Nomenclature
U Internai energy
Q, q Heat absorbed by the system, specific
heat absorbed by the system
W, w Work done by the system, specific
work done by the system
H, h Enthalpy and specific enthalpy
P pressure
V, V Volume and specific volume 
T] Energetic efficiency 
ric Carnot energetic efficiency 
T Temperature
S, s Entropy and specific entropy 
To Environmental temperature 
kg Boltzmann’s constant 
R Gas constant 
Q Thermodynamic probability
S, s Exergy, specific exergy 
Sd Destroyed exergy
8 c  Exergy consumption
v|/ Exergetic efficiency
Vm mean specific volume
Cp specific heat capacity at constant pressure
po Reference/ environmental pressure
Poo partial pressure in the environment
y activity coefficient
X mole fraction
G Gibbs free energy 
gf Gibbs energy of formation 
V stoichiometric coefficients 
P ratio of exergy content to energy content
Subscripts
in Fows into systems 
out Flows out of system 
H High 
L Low 
R Reversible 
1 initial
0 final
om of mixtures
1 input
p product 
w waste 
rev reversible
Superscripts
ph physical 
ch chemical 
k kinetic 
p potential
; Chapter 1 : Introduction
'Man is like every other species in being able to reproduce beyond the carrying capacity of any 
finite habitat Man is like no other species in that he is capable of thinking about this fact and 
discovering its consequences.’ -  William R. Catton, Jr., Overshoot: The Ecological Basis o f 
Revolutionary Change, University of Illinois Press, 1980.
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1. Introduction
This project was carried out against a background of rising concern about the impact of industrialised 
economies on the environment [Carson 1965, D. Meadows et al. 1972, UNEP 1992, Daly and Cobb 
1989, DoE 1993, Ayres 1998]. A notable recent result of this has been the signing of the Kyoto Protocol 
which aims to reduce the rate at which carbon dioxide is emitted into the atmosphere [UNFCCC 1997].
In response to this concern, there has been, and continues to be, increased interest in the analysis of the 
interaction between our economies and the environment, with the particular aim o f identifying ways in 
which these economies can be made more efficient in their use of resources, and can reduce the quantities 
of pollution they emit.
The improvement of the efficiency with which resources are used has been one of the main drivers 
behind the study of thermodynamics; stemming from a desire to understand the physical principles 
behind the transformation of fuels into heat and work, and hence to improve the efficiency with which 
this occurs. Thermodynamics has, to date, mainly been used to optimise individual processes e.g. steam 
engines, power stations and heat pumps, usually on the basis of the First Law only. It has however been 
demonstrated at a process level [e.g. Szargut et al. 1988] that including the Second Law of 
thermodynamics, in the form of exergy analysis, is more informative and reveals more options for 
process improvement than analyses based on the First Law alone. One aspect of this project is to assess 
whether the benefits of using exergy analysis at a process level apply equally to a broader-level analysis 
such as the study of product cycles or economic sectors; and therefore whether this form of analysis will 
provide a greater understanding of the interaction between the physical flows in economies and the
14
environment. The steel sector was chosen for analysis because it is a major consumer of energy in the UK 
economy, emitting significant amounts of pollutants.
The two research questions which this project has sought to address are the following:
1. Are there advantages over more conventional methods in using exergy analysis to examine the 
thermodynamic flows in an economic sector?
2. Are there opportunities, revealed by the appropriate method of thermodynamic analysis, to 
reduce waste in the steel sector of the UK economy, and how might these be realised?
The following sections of this chapter will elaborate on these research questions. The structure of the rest 
of this report will then be described in relation to these questions.
2. Thermodynamics and exergy analysis and its relevance to the study of economic 
systems.
Thermodynamics is the study of the relationship between heat and other forms of energy e.g. Finn 
[1986]. It is based on three laws which appear to be inviolate in nature. The First Law states that energy 
is always conserved. It can be transformed into other types o f energy but the total amount of energy in a 
system remains constant. The Second Law states that in any real process there is an increase in the 
overall entropy of the system and the environment. This can be thought of as reflecting the gradual loss 
of thermodynamic quality associated with flows of matter and energy passing through any real process. It 
is this law which rules out any sort of perpetual motion machine, maintaining that energy and matter will 
always degrade. The third law states that the entropy of any perfect crystal is zero at the absolute zero of 
temperature. In this project only the first two laws are of direct concern.
15
Exergy analysis is a method of thermodynamic analysis that includes both the First and Second Laws, 
which has been used extensively in the optimisation of processes, and has been shown to be more 
effective than analyses which only use the first law in describing many o f these processes [Szargut et al. 
1988, Kotas 1985].
The economic process itself can be viewed as a thermodynamic system. It takes in energy and matter in 
the form of resources, uses these to provide services to society and emits wastes. In this process, energy 
is conserved; however the entropy of the throughputs has increased, meaning that they cannot be used 
again for the same purpose. This viewpoint is detailed in Georgescu-Roegen’s [1971] book ^The Entropy 
Law and the Economic process’ and summarised by Daly and Cobb [1989] as follows: '‘The economic 
process is entropie. Raw materials from nature are equal in quantity to the waste materials ultimately 
returned to nature. But there is a qualitative difference between the equal quantities o f raw and waste 
materials. Entropy is the physical measure o f  that qualitative difference. ’ This emphasises the 
importance of the Second Law of thermodynamics in the economic process, yet most quantitative 
thermodynamic analyses of economies are made on the basis of the First Law only (e.g. UK national 
energy statistics [DTI 1997]). By applying exergy analysis to the steel sector of the economy, this project 
will examine whether this Second Law analysis will lead to a more informative description of how 
resources are used, and wastes generated in economies, with the aim of reducing waste in this sector.
3. Reducing waste
Waste is defined here both as failing to use resources with maximum effectiveness, and as the emission 
of substances to the environment which then have a negative impact on this environment. We are 
interested in reducing this waste from human activity on Earth for two reasons:
16
i) There is a finite absorptive capacity in our environment to receive wastes. This capacity is dependent 
on the rate o f release of wastes, the amount of wastes already present and the rate at which the 
environment breaks down these wastes to non-harmful substances. The total waste w in the environment 
by mass at any time T is:
W = W „ + j W ( t ) - C ( t ) d t  (1 -3 -1 )
0
where Wq is original mass of waste in the environment, W(t) the rate of waste generation 
and C(t) the rate of return of these wastes to equilibrium with the environment.
Thus if W exceeds a certain amount (dependent on the type of waste and its receiving environment) 
perturbations to the environment will occur.
ii) There is a finite supply o f resources extractable from our environment at any one time, dependent on 
the total amount of resources in existence, the rate of depletion and the rate of regeneration. So the total 
resource R in terms of mass at any time T is
/î = 7 ? „ + jG ( /) - i ) ( 0  dt (1 -3 -2 )
0
where R q is the original size of the resource, G(^) the rate of resource regeneration, and 
D(/) the rate of depletion of the resource [Finnveden 1994].
Thus if R=0 the resource has been full depleted\
 ^The rate of regeneration can also be dependent on the size of resource in existence e.g. fish stocks and bio-diversity.
17
Human economies have to operate within these constraints. When resources are depleted and waste sinks 
overfilled this can have impacts on economic growth and quality of life. This affects not only current but 
also future generations due to the long term nature of some types of resource depletion and pollution. 
Therefore these resources should be used as efficiently as possible and the emission of harmful pollutants 
minimised.
Measurements of resource use show that overall the consumption of non-renewable resources in the UK 
continues to increase. Figure 1-3-1 shows that the share of resources contributed by non-renewables in 
the US economy has increased from the beginning of this century. Because o f the similarity of their 
economies, the situation in the UK can be assumed to follow the same pattern. In addition, Figure 1-3-2 
shows that energy demand per capita in the UK has been increasing for the past 300 years. Taken 
together these imply that non-renewable resource depletion is increasing.
18
Figure 1-5-1 Consumption o f raw materials by type in the US (excluding fo o d  and fuels) 1900-89 
[Jackson 1996].
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Figure 1-3-2 UK energy demand per capita 1700-1990 [Jackson 1996].
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However there are also indicators which suggest that the rate of this increase in resource consumption is 
slowing and may eventually result in a decrease in resource consumption. This is revealed by data 
showing that per unit GDP the amount of materials [Mallenbaum 1978] and energy [Bernadini and Gralli
19
1993, Ayres 1998] used in the economy of the early industrial nations is decreasing. The energy iiitemity 
(energy consumption/GDP) of  ^ various industrially well-developed countries is shown
in Figure 1-3-3. Currently however the rate of these decreases in material and energy intensities is 
smaller than the rate of increase of GDP so total resource consumption continues to increase.
Figure 1-3-3 Long term trends in energy intensity [Ayres 1998]
1 -
/ \
'Germany
LDCs
France
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This study of the steel sector aims to investigate whether there has been a reduction in resource 
consumption in this sector and if so, how this has occurred. In addition, it will examine the 
thermodynamic limits to further improvements, to assess the scale of possible future reductions. Means to 
achieve these reductions will also be looked at.
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The situation regarding the emission of wastes in many ways parallels that of resource depletion and the 
two are closely linked^. Wastes occur in many forms and have a multitude of effects on the receiving 
environment. The diversity of these wastes makes it difficult to generalise about trends in pollutive 
emissions. Nevertheless the types of pollution issues which have been prominent over time seem to 
indicate that the initial wastes were emitted to localised sinks i.e. into small geographic areas e.g. 
nutrification of streams, smogs in cities from coal burning, waste dumps etc. Then as these small sinks 
neared, or over-reached their capacity to deal with these wastes, and had adverse effects on the 
population, so methods were developed to deal with these problems by diluting and dispersing wastes 
into an ever larger area e.g. building tall stacks for power plants, dumping wastes at sea, and global trade 
in solid waste. This made use of a larger portion of the environment as a sink for these emissions, leading 
to pollution problems of a more global nature as these sinks too approached their hmits. Examples 
include trans-boundary pollution from acid rain, climate change from greenhouse gas emissions and 
ozone destruction. Thus human economies are emitting substances into the largest sink available and it 
would appear that the ability of this sink to accept more of certain wastes (CFC’s, CO2 , NO2 , SO2 ...) has 
been exceeded. Consequently, future generations will have less access to sinks than the current 
generation had.
This study will examine whether exergy analysis is an appropriate means of quantifying the emission of 
wastes, and whether it can be used to suggest means to reduce these.
 ^Indeed they can also interact: wastes can disrupt resources e.g. pollution destroying the fishing stocks in Lake Erie; and 
resource extraction can produce wastes e.g. oil spills.
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The economic sector chosen for analysis was the steel sector of the UK economy. The reasons for this 
choice and a description of this sector are given in the next section.
4. The Steel Sector of the UK Economy
Ideally this study would have encompassed all the processes in the UK economy, to analyse the overall 
use materials and energy. However this would be a task for more than one researcher and his/her lifetime. 
Therefore one sector of the economy was selected which would embody the general characteristics of 
how resources are used within economies. The steel sector was chosen for three main reasons: a) the 
product is used for a wide variety of functions within the economy, i.e. it is not a specialist material; b) it 
is a very large sector consuming a significant proportion of the materials and energy used by the entire 
economy; and c) there is a great deal of information and data available relative to that for other materials.
Iron (and later steel) has formed a vital part of human economies since the iron age. In more recent times 
the mass o f iron and steel used in the economy has increased dramatically (Figure 1-4-1).
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Figure 1-4-1 Average Annual World Production o f Steel 1855-1990. [Henstock 1996, IIS I1996].
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Despite their long history in the human economy, iron and steel continue to be important materials in any 
industrialised economy finding use in a broad range of goods. Therefore although this study is specific to 
steel, its broad conclusions may well be applicable to other material sectors. The steel sector also 
includes all of the main economic processes for material and energy use, i.e. mining, material production, 
product manufacture, product use and product disposal or recycling.
Because of the large mass of steel produced and its relatively high energy usage in production, steel 
consumes 5.1% of the total energy delivered to final use in the UK [DTI 1996] the greatest for any single 
material sector. Therefore this sector is a major contributor to the overall resource consumption and 
pollution generation in the UK economy.
The main raw materials for steel production are iron ore and coal with smaller amounts of other fuel and 
materials. As far as resource depletion is concerned these two materials are relatively plentiful. Table 1-
23
4-1 shows that iron is one of the most plentiful materials in the Earth’s crust and because of this 
abundance it is unlikely that there will ever be a shortage of suitable iron ore deposits to mine. However 
because the easiest, most highly concentrated reserves are mined first, the grade of ore will become 
progressively lower and more energy will be required to extract each tonne of saleable ore. This is likely 
to follow an exponential increase with ore grade similar to that predicted for copper ore, as shown in 
Figure 1-4-2. [Chapman and Roberts 1983]. So falling ore grades could exacerbate the depletion of other 
resources if the energy for ore extraction continues to come from non-renewable sources.
Coal is the most plentiful of the fossil fuels in use in industrialised economies. Estimates of reserves 
predict that at current usage there is sufficient coal for many centuries to come [Hall et al. 1992]. 
However the steel sector also uses significant quantities of other less abundant non-renewable resources 
such as natural gas and oil. Therefore although resource depletion is not at present a particularly acute 
problem for the steel sector, this may change in the future.
Table 1-4-1 Relative abundance o f materials in the Earth's crust.
Element Concentration by 
weight % [Kelly 1990]
Oxygen 46.4
Silicon 28.2
Aluminium 8.32
Iron 5.63
Calcium 4.15
Sodium 2.36
Magnesium 2.33
Potassium 2.09
Titanium 0.57
Hydrogen 0.14
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Figure 1-4-2 Energy! required to mine copper ore against ore grade [Chapman & Roberts 1983].
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Of more concern currently are the emissions of pollutants from iron and steel production processes to 
water, air and land. Table 1-4-4 lists some of the main types of pollutants emitted from the steel 
production processes and their likely impact. Figure 1-4-Jshows estimates of the toxic emissions in 
manufacturing by process showing that steel production is a major contributor. Reducing waste in the 
steel sector would extend the lifetime of resources and also limit the emission of these pollutants.
25
Figure 1-4-4 Global toxic emissions from manufacturing by sector 1990 [Jackson 1996]
Global toxic em issions by manufacturing sector 1990 [Jackson 1996]
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Table 1-4-4 Pollutants emittedfrom steel manufacture [UNEP 1996]
Process stage Potential Pollutant Release Potential Environmental 
Impact
Raw materials 
handling
Dust. Locahsed deposition.
Sinter/pellet
production
Dust (inc. PMio), CO, CO2 , 
SO2 , NOx, VOC’s, methane, 
dioxins, metals, radioactive 
isotopes, HCl/HF, solid 
waste.
Air and soil contamination, 
ground-level ozone, acid rain, 
global warming, noise.
Coke production Dust (inc. PMio), PAH’s, 
benzene, NOx, VOC’s, 
methane, dioxins, metals, 
radioactive isotopes, HCl/HF, 
solid waste
Air, soil and water contamination, 
acid rain, ground-level ozone, 
global warming, odour.
Scrap
storage/processing
Oil, heavy metals Soil and water contamination, 
noise.
Blast furnace Dust (inc. PMio), H2 S, CO, 
CO2 , SO2 , NOx, radioactive 
isotopes, cyanide, solid waste
Air, soil and water contamination, 
acid rain, ground-level ozone, 
global-warming, odour.
Basic oxygen furnace Dust (inc. PMio), metals (e.g. 
zinc), CO, dioxins, VOC’s, 
solid waste
Air, soil and water contamination, 
ground-level ozone.
Electric arc furnace Dust (inc. PMio), metals (e.g. 
zinc, lead, mercury), CO, 
dioxins, VOC’s, solid waste
Air and soil contamination, noise.
Secondary refining Dust (inc. PMio), metals, 
solid waste
Air and soil contamination, noise.
Casting Dust (inc. PMio), metals, oil, 
solid waste
Air and soil contamination, noise.
Hot rolling Dust (inc. PMio), CO, CO2 , 
SO2 , NOx, VOC’s, acids, 
metals, oil, solid waste
Air, soil and water contamination, 
ground-level ozone, acid rain.
Cold rolling Oil, oil mist, CO, CO2, SO2 , 
NOx, VOC’s, acids, waste
Air, soil and water contamination, 
ground-level ozone, acid rain.
Coating Dust (inc. PMio), VOC’s, 
metals, oil
Air, soil and water contamination, 
ground-level ozone, odour.
Waste water treatment Suspended solids, metals, pH, 
oil, ammonia, solid waste
Water/groundwater and sediment 
contamination.
Gas cleaning Dust/sludge, metals Soil and water contamination.
Chemical storage Different chemicals W ater/groundwater 
contamination.
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The economic importance of this sector means that there is a fairly large amount of data available on steel 
which facilitated this study. The steel sector even has its own statistics bureau (Iron and Steel Statistics 
Bureau) which compiles and analyses industry data. The production methods of iron and steel are 
generally well-known and publicly available even if detailed, up-to-date process information is harder to 
come by. There is also considerable detail available on overall energy use, raw material consumption and 
trade in steel. Overall, steel is probably the bulk material for which most current and historical data are 
available. Nevertheless, the information is by no means comprehensive, and numerous difficulties were 
encountered in this study because of data gaps.
5. Summary
An overview o f the problems of resource depletion and waste generation, which are associated with 
human economic activity and are the main cause of current environmental problems, confirms the 
relevance of thermodynamic analysis of human activities. In the context of sustainable development, 
thermodynamics - in particular second law analysis - has an important role to play in increasing 
understanding of how resources are used, at all levels from individual process design up to the analysis of 
entire economies. Thus exergy analysis of the systems which make up the economy should help to reveal 
how a particular service can be provided using less resources and producing less waste. This study will 
assess whether these predicted benefits of using exergy analysis are borne out in practice.
Because of the complexity of applying exergy analysis to the whole economy, one of the largest sectors - 
the steel sector -  has been chosen for examination. This sector is typical of many material sectors, so that 
the methods used and conclusions drawn are likely to find application in other material sectors too.
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6. Overview of Chapter Contents
Chapter 2 describes the theory behind exergy analysis and shows how it is used in process analysis using 
the example of a coal-fired power station. This chapter details the methodology which is used in the rest 
of the project. The theoretical differences between exergy and first law (energy) analysis are examined, 
followed by a review o f the applications of exergy analysis in the literature which are relevant to this 
study. Finally the relationship between exergy analysis and waste minimisation is described.
In Chapter 3 exergy analysis is applied to the main methods of steel production: the basic oxygen 
furnace, and the electric arc furnace. All the sub-processes are described and the exergy flows through 
them analysed, with attention being drawn to any possible improvements to the efficiency o f these 
processes suggested by the results. As electricity production forms a part of the system of steel 
production, the methods of generation in the UK and on-site at steel plants are also examined. To 
conclude, the thermodynamic flow through the overall steel production systems is described.
Chapter 4 continues the exergy analysis o f processes in the steel sector of the UK economy. These 
processes include: mining, transportation, steel good manufacture, steel good use and scrap reprocessing. 
In addition, open hearth steel production and cast iron steel production are analysed; alternative methods 
of steel production are then discussed. Finally, these processes are linked together to describe a simple 
life cycle o f steel in the UK economy and the flows of exergy through it. The shortcomings o f this simple 
model are highlighted and the need for more sophisticated models of the steel sector is introduced.
Chapter 5 evaluates the usefulness of exergy analysis compared to other ‘First Law’ analyses using 
examples drawn from the preceding chapters. It highlights the differences and similarities of these forms
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of analysis, explains why these occur and forms some general observations about when exergy analysis 
will produce superior results. It concludes by deciding that it is appropriate to use exergy in this project 
as this will produce a more informative analysis of the UK steel sector.
Chapter 6 returns to the theme of modelling the UK steel sector, recognising that there are many ways of 
representing it. Two models are used, with different system boundaries, to highlight the differences 
between methods of representation. The relevance and appropriateness of each model to waste 
minimisation are then discussed. Both models are dynamic and are based on detailed statistics of the 
flows of steel and scrap in the UK economy. Finally a model is chosen which is used to represent the UK 
steel sector for the remainder of the project.
Chapter 7 recognises that in order to comment on possible future reductions in waste in the steel sector, it 
is necessary to examine how this sector has evolved. Accordingly, using published statistics the evolution 
of the model of the UK steel sector is described and quantified from 1954 to 1994. Areas which are found 
to be particularly significant with regard to the exergy analysis of the sector include changes in the 
demand for steel goods, the technology and rate of resource consumption in steel production, the 
recycling rate and the pattern of raw materials transportation.
Chapter 8 uses the information from the preceding chapter and the process information from Chapters 3 
and 4 to develop possible scenarios of changing steel demand, production technology, and method of 
production. These are used to examine the possible friture evolution of the UK steel sector in terms of its 
use of resources and thermodynamic performance. It is found that all combinations of scenarios result in
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a reduction in resource consumption in the sector. The areas where these reductions occur are described 
and their magnitude quantified.
The final chapter sums up the advantages in using the methodology of exergy analysis in this context. It 
also draws out the implications from the analysis of the steel sector with respect to resource consumption 
and waste generation; means of reducing these are then discussed. Finally it identifies what has been 
achieved by this study and what areas would benefit firom further research.
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Chapter 2 : Exergy analysis and Its application to resource depletion and
waste minimisation in economies.
The Laws of Thermodynamics:
First Law: You Cannot Win
Second Law: You Cannot Break Even 
Third Law: You Cannot Get Out of the Game.
-Anon.
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1. Introduction
This chapter will outline the thermodynamic theory behind exergy analysis and its application to process 
optimisation. The application of exergy analysis to processes and the differences between it and 
conventional energy analysis will be explained. Then the usefulness of exergy as a means to 
understanding how resources are used within our economy will be discussed with regard to the 
environmental issues of resource depletion and waste generation. This will highlight the need for exergy 
analysis at a life cycle level to accurately quantify where inefficiencies in resource use and pollutive 
waste emissions are occurring. Another important aim of this chapter is to define the terminology and 
nomenclature which will be used throughout the rest of this dissertation.
2. The Laws of Thermodynamics 
The First Law
The first law of thermodynamics is the law of conservation of energy. It defines a function o f state of a 
system called the internal energy which is independent of the history of the system. If a certain amount of 
work is done on a thermally isolated system then the internal energy will rise by an equivalent amount. 
Alternatively if a similar amount of heat is applied to the same initial system (isolated from any work 
input) it will cause the internal energy to rise by the same amount as previously. The internal energy of a 
system of known mass and composition cannot be measured directly, but can be derived from a 
measurement of its temperature and other extensive properties.
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The first law was formulated by Black, Thompson, Joule and others between 1800 and 1849. Joule 
accurately measured the temperature rise of a body of water effected by a work input (stirring water with 
paddles) or heating (via electrical resistance). He found that to get a certain rise in temperature the energy 
input, regardless of the form of that energy, was always the same amount.
Mathematically the first law can be expressed as
K U = Q - W  (2-2-1)
where U is the internal energy of the system, W the work done by the system on the environment^ and Q 
the heat absorbed by the system. Although only thermal energy and work have been included in this first 
law equation, it is equally applicable to other forms of energy, e.g. chemical, electromagnetic, kinetic or 
potential energies.
For a flow process a more useful way of expressing the first law is to use a thermodynamic quantity, 
which is also a function of state, called enthalpy. Enthalpy for fluid systems is defined as
H ^ U  + P V  (2-2-2)
where H is the enthalpy, U the internal energy and P and V the pressure and volume of a certain mass of 
substance flowing through a process. The usefulness of this parameter is that the difference between the 
enthalpy of a stream entering a process and one leaving is precisely equal to the difference between the
 ^Enviroiunent is used here in the thermodynamic sense to mean that which is outside the system, rather than its colloquial 
meaning as the space within which humans hve.
34
heat input to the process and the work output of the system. So if one knows the enthalpies of the streams 
at either end of the process, one can calculate the energy transfer in the process.
Physical changes in energy are due to temperature and pressure variations, the measurement of which is 
straightforward. However many o f the processes considered in later chapters involve the transformation 
of chemical energy to other forms. When materials undergo a chemical change there is a rearrangement 
o f their chemical energy levels as electrons change their configurations. This change is accompanied by a 
release or absorption of energy. Conventionally there have been two ways of calculating the chemical 
energy content of materials both based on empirical measurements but with significant differences. We 
show here why it is convenient for a third measure to be used.
The first conventional measure used is the enthalpy o f formation which is useful in calculating the energy 
released or absorbed in chemical reaction e.g.
F^e^ g^  ■*"^ 2^(g) F^ejOg^ g) (2-2-3)
The difference between the sum of the enthalpies of formation of the reactants and of the products gives 
the energy produced in the reaction. In the case o f the oxidation of iron the net release of chemical energy
is:
4 * 0  (enthalpy of formation of Fe)
+3*0 (enthalpy of formation of O2)
-2* 830.5 kJ/mol (enthalpy of formation of Fe2 0 3  
= - 1.66 MJ/mol
Hence this reaction is exothermic and releases 0.415 MJ/mol (7.4 MJ/kg) o f iron oxidised. The enthalpy 
of formation gives the energy contained in each substance relative to the most stable physical form of the
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element at a pressure of 1 bar and temperature of 298 K. Thus Fe has a zero enthalpy of formation, as do 
Ne, O2 , and N2 . This method is useful when the exact chemical composition of the substances in the 
reaction is known. However, in the case of complex mixtures of reacting materials such as fuels, the 
enthalpy of formation is hard to define because the exact chemical make up is unknown. Most oils and 
coals are mixtures of a variety of unspecified hydrocarbons. For these and most substances termed 
‘fuels’, the second conventional measure of chemical energy, the calorific value is used.
Calorific values are derived from measurements of the amount of energy released when fuels undergo 
complete combustion in oxygen e.g.
^^2^6Cg) "^^^2(g) + ^^2^(g) +1604.6MJ (2-2-4)
The calorific value in this example is therefore 1604.6MJ per mole of ethane combusted. As the water 
product could also be formed in the liquid state there are two calorific values: the net calorific value - 
water as a gas - ; and the gross calorific value - water as a liquid.
Because the reference
substances which form the zero levels are different for the enthalpy of formation and calorific values, the 
two measurements are difficult to use together.
In the energy analyses of the steel life cycle it is important that for all substances a common measure of 
the energy is used so that the conventional distinction between fuels and materials can be disregarded. 
This is partly because it is sometimes difficult to distinguish exactly what is a fuel and what is a material 
and also, as shall be seen, to enable direct comparisons with exergy analysis.
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A common measure for the chemical energies of all substances is the enthalpy of devaluation [Szargut et 
al. 1988]. The zero level of energy is taken as the molecule corresponding to the most oxidised or state of 
lowest chemical potential for each element. In effect this is an extension of the net calorific value 
measurement to all substances. It allows substances ranging from simple molecules to complex mixtures 
of hydrocarbons to have their chemical exergies compared on a common basis. Tables of the enthalpy of 
devaluation of most substances and a more detailed description of the method used to evaluate it are 
given by Szargut [Szargut 1988] and Kotas [Kotas 1985].
The Second Law
The following is a very brief description of the principal results in the derivation of the second law of 
thermodynamics. For a more detailed description see Finn [1986].
No processes have been observed which violate the first law, but there are constraints on what occurs in 
processes which are not explained solely by this law: an example is the fact that work can be converted 
into heat with 100% efficiency, but in the reverse process heat can not be totally converted into work. 
Other examples of ‘non-reversibility’ include: that in an isolated system heat flows only from hot to 
cold; and that gas will spontaneously fill an evacuated chamber but will not then spontaneously leave a 
chamber in equilibrium with its environment.
In 1824 Carnot described the thermodynamic relationship between heat and work through the 
development of the Carnot cycle (Fig 2-2-1) which extracts the maximum amount of work from a heat 
flow between two thermal reservoirs.
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Figure 2-2-1. Carnot cycle operating between two thermal reservoirs.
Carnot
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a
(2-2-5)
(2-2-6)
The Second Law was formulated ,by Clausius in 1865, encapsulated in Clausius’s statement: 
Tt is impossible to construct a device that, operating in a cycle, produces no other effect than the transfer 
of heat from a cooler to a hotter body.’ The Carnot cycle and Clausius’s statement lead to the definition 
of thermodynamic temperature based on the efficiency of the Carnot cycle:
(2-2-7)
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O T^  = ^  (2-2-8) 
'<in
Equation 2-7 reveals that even a perfect heat engine operating between reservoirs at lOOOK and 298K 
(room temperature) can only convert 70% of the heat it receives from the hotter source into work. This is 
a very significant result as it puts hmits on the amount of work that is available from heat flows within 
systems and identifies a kind of asymmetry in the transformation of energy.
Following on from these results Clausius developed a theory which used the relationship between heat 
flows and temperature to define another function of state of systems called entropy. The main results are 
outlined here. By considering a gas system undergoing a reversible"^ cycle [Figure 2-2-2] it can be shown 
that for any reversible paths Ri and R2 ;
1 ^ = 1 ^  (2-2-9)
i Ri ^ / Rî ^
Therefore the integral J ^ is path independent. This means that we can define a state function
Ï ^
corresponding to this integral such that:
= = j ^  (2-2-10)
and therefore for an infinitesimal reversible process: 
é Q .= T d S  ^
 ^A reversible path takes the system through a series of equilibrium, or quasi-static, states from the initial state to the final 
state, so that at each state the system could change in any direction. Although practically impossible, reversibility is a veiy 
important theoretical concept in defining thermodynamic functions.
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Figure 2-2-2 A system undergoing a reversible cycle.
P
This function of state, S, is called the entropy. The reversible path which defines entropy sets the lower 
•i-dQlimit for the integral J  over any path, where T^ is the temperature of the reservoir with which the^
■ "0
system exchanges heat i.e.
I  T 4 (2-2- 12)
and it follows from this that for a thermally isolated system; 
Sj- -  Si = AS >0 (thermally isolated) (2-2-13)
This leads to the important result that: ‘the entropy of a thermally isolated system increases in any 
irreversible process and is unaltered in a reversible process. This is the principle o f increasing entropy’ 
[Finnl986]. Equation 2-13 shows this net entropy increase for any process. It is possible for parts of a 
system to lower their entropy but this is always accompanied by an equal or greater rise in entropy in the 
rest of the system.
For any system, the system plus the surroundings can be considered to form a thermally isolated system.
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Therefore, as equation 2-12 apphes to this thermally isolated system any irreversible change will result in 
an increase in the combined entropy of the system and its surroundings; i.e. o f the whole universe.
Although this brief outhne may make the definition of entropy seem arbitrary, it is a parameter which 
turns out to be very useful in many applications of thermodynamics, not least in its major role in defining 
exergy. It is difficult to accurately define in words what it is that entropy means. It is not a directly 
measurable quantity, or one that our senses can feel. There are however some descriptions of entropy 
which give some idea of the underlying principle behind it. The statistical approach to entropy developed 
by Ludwig Boltzmann helps to describe entropy in terms of the probability of finding a system in a 
particular state. For a system composed of identical molecules the bulk state o f the system as defined by 
extensive properties such as temperature and pressure, is a result of the position and momentum of the 
large number of molecules. Each bulk state will have the molecules in one or usually many more 
particular arrangements of position and momentum. A thermodynamic probability O  can be calculated 
for each of these particular arrangements corresponding to a particular bulk state. An isolated system with 
a constant internal energy will move from a state of low thermodynamic probability to a final equilibrium 
state of maximum probability. This change in the probabilities mirrors the evolution of systems to the 
maximum entropy state and leads to the Boltzmann relation between thermodynamic probability and 
entropy;
^ = A:glnn (2-2-14)
where ks is known as Boltzmann’s constant.
From this we can qualitatively say that for an isolated system entropy is a measure of the order of the 
molecules which make up the system. Low entropy corresponds to a low probability of finding the 
molecules in that particular arrangement and hence a higher ordering of the molecules. Conversely high
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entropy means that the molecules are less ordered. Therefore what we see in processes is a disordering of 
molecules and energy as the probability o f finding a system in a particular state increases. This 
corresponds to an increase in entropy^.
As materials and energy flow through any real process, the overall entropy of the system increases, 
leading to an overall reduction in the ability of these flows to carry out further useful functions. Therefore 
all processes require a source of low entropy which is degraded as it passes through. The availability of 
low entropy is therefore a limiting factor of the capacity of processes. However simply knowing the 
entropy content of a material flow is not enough; the energy content is also important. These two 
quantities are combined in the thermodynamic function of exergy, detailed below.
3. Exergy and the Exergetic Reference state
Exergy is a function of state of a system and its environment which quantifies the maximum amount of 
work that can be generated as the system comes into equilibrium with this environment. Alternatively, 
because exergy is defined over a reversible process, it is also the minimum amount of work that is needed 
to raise a system from equilibrium with the environmental state to a final non-equilibrium state [Fig. 2-3- 
1]. It combines the first and second laws of thermodynamics, measuring not only the amount of energy 
within the system, but also the entropy of that energy.
This definition only applies to isolated systems.
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Figure 2-3-1 The exergy o f a system
System in state ‘A’
equilibrium with 
reference state
Max. work out = Min work in 
= Exergy of the system
System in
The concept o f exergy is derived from the work of J W Gibbs 1873 who developed the general relation 
between available work and the state of a system. The term exergy is attributable to Rant [Rant 1956], 
but the concept has also been known as essergy, available energy and availability.
Exergy can be divided up into different components:
0 T o t a l ^ ^ p h _ ^ £ ^ h _ ^ ^ , k ^ £ p
where are the physical, chemical, kinetic
and potential components of exergy.
(2 -3 -1 )
In this study we are only concerned with systems which are at rest and do not have any significant 
changes in their gravitational potential energy. The changes which are of most interest are physical and 
chemical.
Physical Exergy
The physical exergy is the maximum amount of work that can be obtained in bringing a system from its
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initial state into physical equilibrium with the environment through the exchange of heat.
A system at a different temperature or pressure to its environment has a certain exergy due to the fact that 
work could be done by the system in coming into equilibrium with its environment. The maximum work 
available from such a system coming into equilibrium occurs when this process is reversible, with the 
exchange of heat with the environment occurring at the environmental temperature only. From the 
definition o f entropy the heat transfer with the environment of this reversible process, from initial stage 1 
to final stage 0 is:
= (2-3-2)
and we know that the difference in enthalpies is given by
K  ~  K  “  [^^Orev ]?  “  [^ lev  ] l  (2-3-3)
(where [qorev]and [worev] are the heat input to the system and work output respectively) so the maximum 
work available from this process and therefore the exergy is
BfU = ]? = { h , ~ K ) -  7 ; (i, -  . (2-3-4)
Using this relation the physical exergy of an ideal gas and for hquids and solids (where a mean specific 
volume -Vjnis used) can be calculated firom Eq 2-3-5 and 2-3-6 respectively (see Szargut et al. [1988] for 
complete derivation). These equations have been used to approximate the physical exergy of substance 
flows in processes in this study,
s t .  = j  + RT, I n ^ . (2-3-5)gas
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,ph ' solid T - T (2-3-6)
where Cp is the specific heat capacity at constant pressure.
In ail of the processes considered in this study, the initial and final states of the flows were at atmospheric 
pressure (even if  there were substantial pressure changes within the process itself) so the exergy due to 
pressure has not been a significant factor. For objects whose heat capacity can be approximated as 
constant with pressure and temperature then integrating Eq. 2-3-6 yields:
V (2-3-7)
Eq. 2-3-7 has been used in this project to estimate the thermal exergy of streams whose heat capacity 
only depends weakly on temperature, or for which reliable data on the variation o f heat capacity with 
temperature is not available. Figure 2-3-2 shows how the ratio of exergy to energy contained in a body 
varies with temperature difference. The energy content equals the total enthalpy o f the stream, whereas 
the exergy equals the amount of work which is available. This difference between the exergy content of 
an infinite reservoir and of a finite body is shown. The temperature of the reservoir remains constant, 
whereas the finite body will cool as heat flows from it.
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Figure 2-3-2 Ratio o f exergy to energy fo r  a finite body and an infinite heat reservoir.
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Kotas gives a more detailed account of the definition of physical exergy [Kotas 1985].
The reference state for physical exergy is usually defined as being = latm; and = 298.15 K = 25°C.
Chemical Exergy
The chemical exergy is the maximum amount of work that can be obtained in bringing a system, or a 
flow through a control region, containing various substances from an initial state into chemical 
equilibrium with substances in the system’s environment or reference state with the exchange of heat and 
reference substances only [Szargut et al. 1988].
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The chemical exergy of a substance has two components: the first is derived from the different bonding
of the various elements in the system compared to those in the reference system; and the second is due to
the substances in the system being at different concentrations to those in the reference system.
Fig 2-3-3 Flow diagram o f the determination o f chemical exergy o f a substance X  not present in the 
substances making up the reference system.
Only heat at To and reference 
substances at reference concentration 
pass through system boundary.
C oncentration of 
re fe ren ce  re a c ta n ts
S u b stan c e  X
R eversible
reaction
ch am b er
E xpansion of 
re fe ren ce  p roducts
W out= S'^x
Reference
system
To calculate the chemical exergy o f a substance X in a system which is not in equilibrium with the 
reference system, one has to envisage a chemical reaction between substance X and substances present in 
the reference state which would produce only chemicals present in the reference system, and then return 
those chemicals to their environmental concentration [Fig 2-3-3]. The maximum work available from this 
transformation equals the chemical exergy.
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The maximum work available from a chemical transformation is equal to the difference in the Gibbs free 
energies of the initial and final states. Therefore the reaction component of chemical exergy is quantified 
as the difference between the Gibbs free energy o f the substances in the system under consideration and 
the Gibbs free energy of the substances in the reference system. The maximum work available from a 
difference in concentration depends on whether the substances are gaseous, liquid or solid. To 
concentrate a gas at partial pressure poo to reference pressure po the work input is
W = R T ^ \ n ^  (2-3-8)
Poo
For liquids the concentration term is
W -'R T q ln/(%. (2-3 -9)
where xiis the mole fraction of the ‘i’th component of the mixture and is the activity coefficient which 
takes into account the non-ideal behaviour of liquids in solution. For solids the concentration term is 
approximated by the liquid term with an activity of one [Szargut et al. 1988].
As an example the exergy of carbon monoxide is calculated relative to a reference system of atmospheric 
air. The carbon monoxide is not present in the reference system so its exergy has to be calculated by 
looking at the formation reactions of CO using only reference substances as reactants and products. The 
CO reacts in a controlled reversible fashion with oxygen to form carbon dioxide (both are reference 
substances):
CO + i  O2 —> CO2 (all substances in the gaseous state) (2-3-10)
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The maximum work delivered by this reaction is equal to the decrease in Gibbs free energy of the system. 
Work is also performed on the oxygen in compressing it reversibly to the correct pressure for the reaction 
and work is performed by the carbon dioxide in its reversible expansion to its partial pressure in the 
atmosphere. The net sum of the work outputs gives the chemical exergy of the CO.
The apparatus in Figure 2-3-4 uses idealised compressors and expanders to get the reactants and products 
in their stoichiometric ratios in the reaction chamber. The partial pressure of the oxygen, and carbon 
dioxide are 0.2095, 0.0003 bar respectively and the pressure in the reaction chamber is 1 bar with the CO 
initially at 1 bar.
Figure 2-3-4. Device to determine the chemical exergy o f carbon monoxide . [Taken from  Kotas 1985]
^0 Environm ent [P ,
1/2 0,,
\ j /CO
CO +  > CO 0 00, 0,CO
0 00. Cl
Total work out = chem ical exergy of CO
The work necessary (using the ideal gas approximation) to compress the oxygen and expand the carbon 
dioxide is given by
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W ^ R T A n - ^  (2-3-11)
-^ 00
where Pq is the reference pressure and Pqo is the partial pressure of the reference substance.
Wo2= 3940 kJ/kml (2-3-12)
W 002= 20n o  kJ/|(Mo/ = (2-3-13)
These quantities are also the exergies of oxygen and carbon dioxide in their pure state relative to their 
concentrations in the atmosphere.
The exergy of carbon monoxide is:
eto=-{AG,^) + IVco, - j K .
= 275400 k J /m o l  (2-3-14)
where B ^ i s  the chemical exergy of the carbon monoxide.
an d (A G „) =
products reactants
w h e r e a r e  the stoichiometric coefficients and Gibbs functions 
of formation of the products(k) and reactants(j).
So using two reference state substances, the chemical exergy of a third substance not present in the 
reference state can be calculated. Therefore if the reference system is made up of substances containing 
all the elements in the system under consideration, their chemical exergies can be calculated relative to 
this reference system.
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The Reference System Used in this Study
The reference system defines the zero exergy level from which a system’s exergy is calculated. For 
consistency in the calculation of exergies of different systems, it is preferable to measure these from the 
same reference datum, and so a universal reference system is desirable. The processes considered in this 
study reside in a ‘normal’ terrestrial environment; therefore as far as possible the reference system should 
describe that environment. However if one considers temperature, even, then it becomes apparent that 
describing a single constant environment is impossible: environmental temperature varies geographically 
and temporally meaning that exergy values for a particular system would depend on the particular time 
and place at which the system is considered. This applies equally to changes in pressure and variations in 
the chemistry of the environment. Ignoring these changes and defining an arbitrary but constant reference 
system necessarily means that accuracy in reflecting reality is lost in describing the exergy of a system. 
Fortunately, if the changes in the system under consideration are much larger than those in the actual 
environment, the error introduced is generally small [Rosen and Scott 1987]. Furthermore, the choice of 
reference system only affects the absolute values of exergy i.e. the exergy of the inputs and the outputs, 
but the net change in exergy in a process will remain unchanged.
The reference state used in this study is taken from Szargut [Szargut et al. 1988]. This reference system 
uses the molecules as they occur in the atmosphere, hydrosphere and lithosphere as its chemical reference 
system. As there are often several potential reference compounds for each element, the convention is to 
use the compound corresponding to the element which is in the lowest chemical potential. The 
atmosphere, which is fairly homogeneous around sea level, gives the reference system for the substances 
oxygen, carbon dioxide, nitrogen, argon, helium, neon and water. The partial pressures and chemical 
exergies for these are shown in Table 2-3-1.
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Table 2-3-1 Composition o f air a 298K and 1 aim [Szargut et a l 1988]
Mole fraction in air Chemical exergy of substance in pure form at atmospheric pressure 
kJ/mol
Ar 0.009 33 11.69
CO2 0.000 345 19.87
He 0.000 005 30.37
Kr 0.000 001 34.36
N2 0.780 3 0.72
Ne 0.000 018 27.19
O2 0.209 9 3.97
Xe 0.000 000 09 40.33
For the remaining elements the substances present in an idealised ocean of average salinity and 
composition are used, except for the following elements: Al, Ba, Ca, Cl, Co, Cr, Fe, K, Mg, Mn, Na, P, S, 
Sb, Si, Sn, Ti, U and V. This last list of elements, although present in the oceans, are so dilute and in such 
a different form to their occurrence and form in the crust that it is better to use the crust as their reference 
system.
Despite some of these inconsistencies, the reference system described by Szargut et al. [1988] will be 
used because it is comprehensive and has all the exergies of substances tabulated relative to it. Also the 
processes we are considering involve large changes in exergy relative to the discrepancies which would 
be introduced according to the choice of reference systems.
Exergies of Fossil Fuels
Fossil fuels play an essential role in most industrial and economic processes. Any one fuel is made up of 
mixtures of often unspecified hydrocarbons in varying concentrations. Chemical analysis o f these fuels 
will reveal the ratios of H:C:0:N:S but will not show their chemical make up within the fuel. Without 
knowledge of the compounds within the fuel, it is impossible to calculate its chemical exergy using the
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tabulated exergies of substances.
The method used in this study was developed by Szargut [Szargut et al. 1988]. It relates the chemical 
exergy of a hydrocarbon fuel to its net calorific value with a ratio, |3, determined by the chemical analysis 
of that particular class of fuel taking into account the presence of moisture and ash. The precise details of 
the method are detailed by Szargut [Szargut et al. 1988]. The value of the ratios ( (3 = s°V(NCV)) for 
common fuels are given in Table 2-3-2. There are other methods of calculating the exergies of fuels but 
for the purposes of this study this method is sufficient. A discussion of other methods is given in 
Stepanov (1995).
Table 2-3-2 Ratio o f exergy to enthalpy fo r  various fuels
Substance y
Bituminous coal 109
Coke 106
Natural gas 104
Gasoline 107
Lignite 117
Furnace oil 107
Mixtures of Gases, Liquids and Solids
The exergy of mixtures of gases is estimated on the assumption that all gases behave as ideal gases by 
summing the exergies of the constituents at their partial pressures (or mole fraction -Xi) within the gas. 
The exergy of mixtures (where the subscript i denotes each substance in the mixture) is
(2-3-16)
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As the second term on the right hand side of (2-3-16) is always negative, the exergy of a mixture of gases
is always less than the exergy of the same gases separated into their constituents at normal atmospheric
pressure. This is due to the increase in entropy which occurs on mixing and dispersion of the constituent 
•+gases.*
For ideal solutions of liquids the exergy can be calculated by Eq. 2-3-16 above. For non-ideal solutions 
an activity coefficient y is used which takes into account the departure of the particular solution from 
ideal behaviour
(2-3-17)I z
Solid mixtures are divided into two classes: those that are solid solutions and those that are mechanical 
mixtures. The former can be approximated to an ideal liquid solution with an activity coefficient of unity. 
In the latter case the binding energy between the different solids is assumed to be negligible and the 
exergy is simply the sum of the constituent exergies:
«■omsolM, (2-3-18)I
Measures of Performance in Exergy Analysis
In analysing the exergy flows through a process it is helpful to define some terms. The generic process 
model below [Fig. 2-3-5] has an input stream defined in terms of a set of input exergies 8ij and an output 
stream defined in terms of a set of product exergies Spj and a set of waste exergies Swj. Equation (2-3-19) 
describes the input exergy, the exergy in the waste stream, the exergy in the product and the exergy 
destruction. These flows can be illustrated on a Grassman diagram (Figure 2-3-6) where the quantity of 
exergy in a flow is represented by the width o f the flow.
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'I'The mixing term is by it nature very small relative to the constituent chemical exergies of most substances 
in all but the most dilute mixtures.
E.g. 4 gases substances equally mixed x =0.25, RTîÇx Inx = -3.5kJ/mol;
but lOOOOsubstances equally mixed x= 0.000 l^ R'IÇJ^ x Inx = -17MJ/mol. ' ,
?
Figure 2-3-5 Exergy flows through a process
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Figure 2-3-6 Grassman diagram o f  flows through a process
Exergy destruction
Exergy of inputs
Exergy of wastes
Exergy of products
Process
Exergy ,
(2-3-19)
In contrast to energy Hows the exergetic inputs and outputs do not balance. The difference between the 
incoming exergy and the total outgoing exergy is the exergy destruction. This is exergy which has been 
destroyed through thermodynamic irreversibilities and the increase in entropy within the process. The 
exergy destruction is an important parameter as it quantifies the amount of potentially useful energy 
(work) which has been irrevocably lost from the system and the environment. This is a direct 
consequence of the generation of entropy which occurs in any real process.
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In the explanation of the second law of thermodynamics, an idealised reversible system was used to 
describe a process in which no net entropy was generated. In such a system the exergy destruction would 
be zero. However such systems are not attainable in the real world. Nevertheless reducing exergy 
destruction will reduce the amount of exergy required in a process. The challenge is then to understand 
why irreversibilities and hence exergy destruction occur, and how these can be reduced to improve 
thermodynamic performance. The main causes of entropy generation are uncontrolled spontaneous 
processes with the level of uncontrolledness being dependent on the gradient between the final and initial 
states. Examples include heat flows across a finite temperature gradient; uncontrolled chemical reactions 
with a large difference in initial and final temperatures and pressures; frictional dissipation of kinetic 
exergy of solids or fluids where the pressure gradients determine the rate of entropy generation; 
spontaneous mixing of fluids and formation of solutions.
The exergy in the waste stream is different to the exergy destruction. Although this ‘waste exergy’ is in a 
form which is deemed to have no value, it still comprises some exergy and therefore retains the potential 
to carry out work. However exergy which is bound up in the waste flow is also a means by which exergy 
becomes unavailable for use elsewhere because it is in a form which is not useful due to qualities other 
than its exergy content. There is a further distinction between exergy destroyed and exergy in wastes in 
that the latter is subjective and dependent on the particular situation; in contrast the exergy destroyed is 
an objective function of the thermodynamic performance of the process. Destroyed exergy can never be 
used again.
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We define the sum of the exergy destruction and the exergy in waste flows as ‘exergy consumption’. 
Thus, the exergy consumption per unit product output is the parameter which is used in this study to 
measure the amount of exergy lost to further use in the system under consideration Eq.(2-3-20). This has 
also been referred by other authors to as ‘consumptive exergy’ e.g. Connelly and Koshland [1996].
+  E  =  E  -  E  (2-3-20)w i p
The final measure of system performance used in this study is the exergetic, or rational, efficiency
' S T ' (2-3-:%!)
I
which is the f rflcf ion of the exergy input which ends up in the useful product(s). The exergetic 
efficiency of a process is relative to that of a reversible process with no waste products (i.e. \|/ = 100%) 
and so measures the distance from thermodynamic perfection of a process. This measure is useful in 
comparing processes carrying out similar functions but is fairly meaningless when comparing very 
different processes. These are the only measures needed in this analysis, however; for a discussion and 
definition o f other measures see Cornelissen [1997].
It is sometimes useful to divide the exergy destruction in a process into destruction that is unavoidable
given the type of process used and destruction which could be reduced through practicable changes to the
process. These are known as intrinsic and avoidable exergy destruction respectively. An example (taken
from Kotas [1985]) is a heat exchanger where the heat capacities of the two streams in counter current
arrangement are different [Fig.2-3-5]. In this case it is impossible to match the stream temperatures at all
points in the heat exchanger so even if one could construct an infinitely long heat exchanger there would
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still be heat transfer across a finite temperature gap resulting in exergy destruction intrinsic to the type of 
process. Thus, given that the two streams cannot be changed, there is a minimum exergy destruction 
which cannot be avoided. The total exergy destruction
^  D  ^I5intrinsic ^U avoidable (2-3-22)
can therefore only be reduced by an amount equal to the avoidable exergy destruction.
Figure 2-3-7 Temperature difference between flows in a counter current heat exchanger with flows o f  
different heat capacities. Even with A T  tending to zero there is still a temperature difference between 
streams elsewhere in the exchanger leading to unavoidable exergy losses.
!tream 1 mcpi incp2
Stream. 2
AT.:
However it is difficult in many processes to specify exactly which exergy destruction is intrinsic and 
which is avoidable. This is often dependent on the precise freedom one has to change parameters or 
equipment within the process. Nevertheless realising that some exergy destruction is intrinsic to a type of 
process and unavoidable means that one does not need to waste effort in attempting to optimise a 
particular process once the avoidable losses have been eliminated.
Using exergy analysis and these measures of performance, the thermodynamic performance of processes 
can be assessed and the locations and reasons for less than ideal thermodynamic performance can be
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identified and addressed. The following example of a conventional coal-fired power station will illustrate 
the usefulness of exergy analysis in comparison to first law analysis in optimising the thermodynamic 
performance of processes.
4. Exergy Analysis of a Coa! Fired Power Station
The simple coal-fired power station consists of a boiler, turbine, alternator, condenser and pump [Fig 2-4- 
1]. The boiler has a 90% energy efficiency (useful energy output/total energy input), and the alternator 
95%. The isentropic efficiency o f the turbine is also 95%, while the pump is assumed to be ideal.
Figure 2-4-1 Simple coalfired power station.
Alternator
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Turbine
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30°CCoal input Boiler
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enser
Pump
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100 MW
saturated water
The calculated enthalpies and exergies of the flows in the process are shown in Table 2-4-1,
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Table 2-4-1 Calculated enthalpy and exergy at points in electricity generation in a coal fired  power 
station.
MW Coal
input
Water 
Circuit 1
Water 
Circuit 2
Water 
Circuit 3
Water 
Circuit 4
Turbine
work
Alternat­
or output
Enthalpy
MW
324 304 198 12 13 105 100
Exergy
MW
353 127 4 ~0 1 105 100
It can be seen that although the input energy and exergy (coal) and the electrical output energy and 
exergy are similar, within the process there are large differences. This is emphasised when one looks at 
where the exergy destruction occurs compared with those of enthalpy loss (to surroundings), as shown by 
Table 2-4-2.
Table 2-4-2. Calculated exergy destruction and enthalpy loss in the power station
MW Boiler Turbine Alternator Condenser Total
Energetic efficiency % 90 90 95 - 31
Enthalpy loss to surroundings 33 0 5 186 224
Exergetic efficiency % 56 85 95 - 28
Exergy destruction 226 18 5 5 254
If one draws the system boundary so that any waste heat is effectively at environmental temperature 
when it crosses the boundary, then the waste exergy is zero and the exergy consumption is equal to the 
exergy destruction. The exergy analysis reveals that the major area of exergy destruction is in the boiler. 
This is where the high exergy coal is degraded to thermal energy of higher entropy and hence lower 
exergy. This arises from the irreversibilities in the combustion of coal due to non-equilibrium chemical 
reactions and the heat transfer between the combustion products of the coal and the water in the boiler
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tubes across a large temperature difference. In addition the combustion with air, rather than pure oxygen 
also leads to irreversibilities due to the heat transfer to the inert nitrogen gas. The exergy flows are 
illustrated in the Grassman diagram (Figure 2-4-2).
Figure 2-4-2 Grassman diagram to illustrate the exergy flows o f the coal fired  power station
Boiler Turbine Alternator
Coal Input
S u p erh ea ted ElectricityTurbine
Condenser
Pump
The fact that the exergy in wastes is close to zero means that there is no possibility of recovering any 
high quality energy from the condenser: although there are large amounts of energy in this waste flow, its 
thermodynamic quality is low. The exergy analysis tells us that, to improve the process, one should 
instead look at ways of reducing the irreversibilities in the boiler. This can be done by better matching of 
the exergy flows i.e. raising the average temperature in the water circuit so that the temperature gradient 
in the boiler is reduced. This can be achieved, and often is, by using superheaters, reheaters and 
recuperators. Another method is to use a topping cycle which generates electricity from the high 
temperature regime of the combustion of a fuel, outputting a thermal stream which can then drive a water 
circuit as in the process above.
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This example has shown how useful and insightful exergy analysis can be when looking at individual 
processes and allows solutions to be proposed in a way that energy analysis fails to do. The next section 
looks at the fundamental theoretical differences between energy and exergy and how this might be 
reflected in the analysis of processes.
5. Differences between Energy and Exergy analysis
The main difference between the formulation o f the quantities energy and exergy are twofold a) exergy 
includes the second law but energy does not and b) exergy is measured relative to a pre-defined reference 
system so it is a function of state of the system and the environment, whereas energy is purely a function 
of state of the system. This will result in differences between the two parameters when considering 
processes with flows of intermediate quality as characterised by their entropy content, given that the 
quality depends both on the form of the energy in the system and the system’s environment.
We saw in the previous section how thermal flows of energy can have different exergy values. This will 
also be expected for chemical energy flows as different chemicals contain different levels of entropy 
relative to the reference state. Mechanical work, electricity, kinetic energy and potential energy have 
identical energy and exergy flows as these are high quality forms of energy with zero entropy. Therefore 
we only expect there to be differences in the values of the energy and exergy flows when there are flows 
of thermal or chemical energy into or out of the system. These flows are a common feature of most 
processes whether technological or biological.
There are also fundamental differences between first law analysis, which is based on a law of 
conservation, and exergy analysis for which one only knows that the input exergy must always be greater
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than the output exergy. First law analysis by itself does not indicate any loss in a process. Energy only 
changes form; without considering the quality o f the energy, one has no idea o f the potential o f the output 
forms of energy to drive further processes. Equally energy analysis will not on its own identify where the 
major losses are in the process and how these could be reduced. Energy analysis simply traces the 
transformation o f energy from one form to another or several others. A subjective judgement then has to 
be made to decide which forms are ‘useful’ and which are ‘wastes’. Thus in the power station analysis, 
the energy in the coal was transformed by the process to outputs of electrical energy and thermal energy 
in the condenser. The energetic efficiency was calculated by deciding that electrical energy was useful 
and thermal energy useless. This lack of any inherent valuation in energy analysis has led to it being 
compared to a cashier counting his money only by the number of coins and notes in his till and having no 
interest in their individual value [Alfven 1975].
Exergy analysis, on the other hand, includes a quality factor which is not conserved. This adds an extra 
dimension of value to the analysis of processes. The exergy destruction in a process shows how much 
high quality energy has been irrevocably destroyed. Therefore it provides an objective thermodynamic 
quantification of what has been ‘lost’ from or used up in the process. Naturally even in exergy analysis a 
subjective judgement still has to be made about which outputs from a process are wastes (e.g. in a 
chemical form which has no further use in society,) and which outputs are usefiil. This is something 
thermodynamics cannot do on its own, as defining a waste is dependent on many other factors. Yet it 
does produce a much more complete thermodynamic picture of what is occurring within processes and 
identifies the exact areas of thermodynamic inefficiency.
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For these reasons exergy analysis is perceived by the author to be a much better tool than traditional 
energy analysis for analysing the physical flows in economic sectors. The next section details some 
examples of the areas where exergy analysis has been applied, to show where this project fits in. We will 
return to the differences between the two forms of analysis in a later chapter, drawing on examples from 
the analysis of the steel sector as illustrations to determine whether having a more complete 
thermodynamic picture of the processes produces any practical advantages or whether conducting an 
exergy analysis at that level is a waste of effort.
6. Other Applications of Exergy Analysis
Exergy analysis has been used in a wide variety of applications. A few of the more recent studies are 
mentioned here. Many have centred on optimising individual processes: Gallo has used exergy analysis 
to compare gas turbine cycles [Gallo 1990], Dhole and Zheng used exergy analysis and pinch technology 
to optimise a closed cycle gas turbine [Dhole and Zheng 1993]; Bedringas et al. [1997] have optimised a 
solid-oxide fuel cell system using exergy analysis; and Al Najem and Diab [1992] have used it to 
investigate the performance of a diesel engine. There are also numerous examples of exergetic analyses 
of processes and industrial plants in Szargut et al. [1988] and Kotas [1995].
Analyses concerned with steelmaking include: using exergy analysis to analyse where improvements can 
be made to the efficiency of electric arc steel furnaces [Bisio 1993]; investigations of the feasibility of 
proposed innovative processes such as the integration of a blast furnace with methanol synthesis 
[Akiyama and Yagi 1988], comparing current and proposed new ironmaking technologies[Akiyama et al. 
1993], and qualitative investigation of future trends in steel making [Geskin 1988].
The studies above demonstrate the value of exergy analysis in a wide variety of individual processes. On
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a larger scale exergy analysis has been applied to the entire economies of Japan, Italy and Brazil and to 
Turkish industries to try to identify the exergetic efficiency with which raw materials are converted into 
products of economic value [Wall et al. 1994, Wall 1990, Schaeffer 1992, Ozdogan 1995]. Nakicenovic 
et al. [1996] have also applied exergy analysis to regional and global energy balances in order to calculate 
the efficiencies with which resources are utilised.
Work has also been reported in linking exergy analysis to life cycle analysis to optimise cleaning 
processes and heat exchangers [Xhao et al. 1996, Cornelissen and Hirs 1997], and Finnveden and 
Ostlund [1997] have proposed using exergy as a measure of resource depletion in the impact assessment 
phase of life cycle analysis. Cornelissen [1997] has also recently produced studies o f the exergy analysis 
of other product life cycles.
The application of exergy analysis in this project bridges the gap between the micro analyses of processes 
and the macro analyses of whole economies. It is intended to shed light on this, to our knowledge, 
unexplored area to see whether the effectiveness of exergy analysis in optimisation at a process level 
extends to optimisation at a larger, systems level. The study will follow a life cycle approach [van den 
Berg et al. 1995] building up a system representing the steel sector of the economy from all its 
constituent processes (including all processes from the ‘cradle to the grave’ of the material). It is felt that 
using exergy analysis in conjunction with this life cycle approach will lead to an unambiguous 
description of how and in which processes resources are consumed in this economic sector and so help to 
identify ways o f reducing these losses. The general link between resource use and pollution generation 
within economies and exergy flows is further explored in the next section.
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7. Exergy Analysis and its Reiation to Waste Minimisation.
In the introduction the environmental problems of resource depletion and waste production were 
outlined. This section aims to show how exergy analysis can be applied to economic systems to give a 
better understanding of the causes of some of these problems and how it might be used to mitigate them.
Global Flows of Exergy
To set the context within which economic systems operate we first describe the global flows of exergy. In 
thermodynamic terms the Earth is a closed system with a fixed amount of materials'^ but through which 
there is an input of exergy in the form of solar radiation. All the main exergy sources on the Earth are 
derived directly or indirectly from this radiation^. The sun radiates at a characteristic temperature of 
around 5500 K and of the 380*10^^TW of energy which the sun emits, the Earth intercepts 170 000 TW, 
reflecting 50 OOOTW and absorbing 120 000 [Twidell and Weir 1986]. The exergy o f this energy flow 
has been calculated by Petela [1964] as being 0.93 times the energy, so the terrestrial exergy flux is 
around 160000 TW relative to a reference temperature o f 298K. The work of Prigogine and Stengers 
[1985] has shown that isolated systems maintained far from thermodynamic equilibrium by energy 
throughputs (or exergy inputs) can support highly ordered structures. This is the case on Earth where the 
exergy input has allowed the existence of complex systems ranging from the hydrological cycle to life 
and ecosystems. To quote Schrodinger [1967] ''Life feeds not on mere matter or energy but on low 
entropy. He could equally have substituted exergy for low entropy. Without this exergy input the Earth 
would soon succumb to a ‘heat death’ of thermodynamic equilibrium which would be unable to support 
any low entropy systems relative to their surroundings.
® There is some loss of material such as from hydrogen and helium escaping from the Earth’s gravity as well as some gain of 
material through meteorites, and inter-planetary dust but this is insignificant relative to the overall mass of the planet.
’ Nuclear fuel is an exception derived from elements formed by prior stellar processes.
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Human beings - whose evolution has required this exergy input - have themselves harnessed sources of 
exergy to drive economic systems designed to provide them with services. The principal sources of this 
exergy are biomass, which is derived through photosynthesis of solar radiation, and fossil fuels which are 
in effect stored ancient solar radiation. It is estimated that the rate of direct^ human consumption of 
biomass and fossil fuel is, in energy terms, is about lOTW [Twidell and Weir 1986]. Since biomass and 
fossil fuels have roughly equivalent exergies and energies, this figure also provides an order of 
magnitude for the exergy input.
® This figure refers to direct inputs only. However, aU the global systems are to a certain extent interdependent, as described in 
the Gaia theory [Lovelock 1979]; for instance ecosystems could not exist without the heating effect of the sun, and many of 
them are dependent on particular climates dictated by the hydro-cycle. Thus it is difficult to identify the indirect inputs 
necessary to support present human societies.
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"f"Exergy, Economies and the Environment
With these huge amounts of exergy impinging on the Earth, why should one be interested in reducing the 
tiny proportion of this used by humans? The reason is that the exergy inputs suitable for use by human 
economies are much less plentiful than the overall exergy inputs to the Earth. These inputs are primarily 
in the form of fossil fuels which represent stored solar exergy absorbed by organisms and transformed 
over millions of years by geological pressure and heat into a highly concentrated, easily accessible form 
of chemical exergy. In addition other high exergy inputs arising from rich ore deposits of certain 
minerals, also concentrated by the work input from geological forces over time, are consumed in the 
economy. These resources are limited, as detailed in Chapter 1. The other problem highlighted in Chapter 
1 is the emission of pollutants into the environment. So although the scale of human activities is small in 
relation to the overall exergy inputs to the Earth, the nature of the sources and sinks of the exergy inputs 
and exergy in wastes associated with these activities is such that environmental problems occur.
First we look at the use of resources from an exergetic perspective. The chemical exergy in these 
resources is used to provide services to humankind. When a resource is used or consumed, the exergy it 
contains is destroyed or turned into a non-useful form (Fig 2-7-1). As Finnveden and Ostlund [1997] say:
‘ when we discuss resource depletion or consumption, what is depleted or consumed? "....A  reasonable 
answer may be that useable matter and energy are consumed and may become depleted. A measure o f  
useful energy is exergy Although materials and energy flows are transformed in economies, it is only 
the exergy o f the inputs which is destroyed and it is the destruction of exergy which prevents continuous 
cycling of materials and energy; i.e. exergy destruction prevents any economic equivalent of perpetual 
motion [Georgescu-Roegen 1971, Ayres 1978]. Thus thermodynamically the factors which limit the 
quantity of service that an economy delivers to society are the availability o f suitable high exergy inputs
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i '  See Michaelis [1995]
(resources) and the efficiency with which these are transformed into services which satisfy human needs 
(i.e. the amount of exergy which is consumed per unit service delivered). Therefore reducing exergy 
consumption in the economy will lead to a reduction in resource consumption^. Therefore analysing the 
flows of exergy within the economy will increase our understanding of how resources are transformed 
and depleted and what limits nature puts on this. This will enable us to identify means of increasing the 
amount of services provided while reducing the overall amount of resources consumed to be proposed.
The other environmental problem outlined in the introduction is caused by the outflow of substances and 
to a lesser extent energy from the economic system into the environment. From Figure 2-7-1, we can see 
that these outputs can be quantified according to their exergy. Some authors have suggested that, because 
exergy is a measure of the distance a system is from being in equilibrium with its environment, the 
exergy content of wastes can be used as a first order measure of their ability to disrupt an environment 
and hence as a measure of pollutant effect [Crane et al. 1992, Szargut 1986, Cornelissen 1997]. However, 
while it is true that if an emission from a process has no exergy content then it can have no pollutive 
effect on that environment, the actual effect of pollutants is dependent on many factors unrelated to their 
exergy content, including their toxicity to humans and non-human biota. Therefore it seems unlikely that 
there should be anything but a weak correlation between non-zero exergy content and pollutive impact.
® If these resources arise from renewable sources, then the link between exergy consumption and resource depletion is no 
longer direct. Instead increasing these sources of exergy would result in a reduction in resource depletion as they substitute for 
finite resources. Therefore the source of the exergy (renewable or non-renewable) should be reported and a distinction made 
between these sources.
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Figure 2-7-1 Qualitative flows o f exergy through the economy.
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Pollutive impact^^ is in itself a subjective measure which, as shown in the introduction, varies according 
to the geographical and temporal scale it operates over and what it affects. It is dependent on particular 
chemical characteristics of the emissions: mobility in the environment, impact on metabolic pathways, 
specific optical properties, rate of metabolism in the environment, etc.. This means that pollutants can 
have effects many times greater (or less) than their exergy content might suggest.
Importantly, the pollutive impact of an emission is also highly dependent on the receiving environment. 
Because exergy is dependent on the environmental or reference state this is seen as another parallel 
between it and pollutive impact. Yet, as we have seen, defining a global reference state is fairly complex 
and is far from a perfect description of the real environment. The difficulties in trying to define a local 
reference system to describe a receiving environment for localised pollution, for instance a river system 
or the internal environment of an organism, would be enormous (if not impossible, given that the
Tiying to compare diverse pollution effects e.g. global warming with local eutrophication from a process, cannot be done 
objectively and requires value judgements to be made. Life Cycle Analysis combined with Multi-Criteria Decision Analysis 
seeks to inform on these impacts and act on them [ Stewart 1997].
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reference system has to be in thermodynamic equilibrium to give consistent exergy values). As the 
exergy value of emissions to this environment would only quantify the work that could be done on that 
environment with no information about the rate or effect of this process, it is questionable whether this 
would in any case produce any meaningful results.
In this study the exergy bound up in wastes is not assumed to have anything other than a loose correlation 
with the pollutive effect of those wastes. Nevertheless for emissions such as CO2 , SO2 and NOx because 
these are broadly proportional to the amount of fossil fuels used in the economy the general result that if 
the exergy consumption is reduced then these emissions will be reduced holds true.
Regarding the use of exergy in economies, exergy analysis has been used by various authors to look at 
the ways different countries use resources to provide services to their populations. These are shown in 
Table 2-7-1.
Table 2-7-1 Exergy consumption o f countries
Country Date Primary exergy inflow 
GJ/person/yr
Exergy outflow to
individuals
GJ/person/yr
Reference
Sweden 1920 120 30 [Wall 19831
1975 300 55 [Wall 1983]
1980 305 60 [Wall 1983]
Italy 1990 140 52 [Wall et al. 1994]
Japan 1985 150 31 [Wall 1990]
Brazil 1987 53 17 [Schaeffer et al. 1992]
The figures indicate that between 1/5 and 1/3 of the input exergy is delivered to individuals in the form of 
finished goods. This study seeks to address, for the steel sector, whether, and how it is possible to reduce 
the amount of exergy consumed between the primary exergy inflow and the exergy outflow to society.
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Table 2-7-1 also shows there is a factor of six difference between the primary exergy flow into the 
Brazilian and Swedish economies. This is in part due to different accounting methods by the authors, but 
also due to fundamental differences between these economies, in particular the climate they operate in, 
and the level o f services delivered in each country. This demonstrates that it is possible to have 
economies with much lower consumption of exergy. However it is also vital to take the well-being of the 
country’s population into account when assessing the effectiveness with which these exergy inputs are 
being used.
It is worth noting that humans have a very limited need for direct exergy inputs. Those shown in Table 2- 
7-1 are not consumed by human organisms but in peripheral equipment. The only direct exergy inputs are 
mainly in the form o f food and warmth to enable the body to maintain a complex structure out of 
thermodynamic equilibrium with its environment and also to carry out exergy-consuming tasks : motion, 
thinking etc... However there is a great deal of indirect exergy consumption in providing the services 
which satisfy other human needs, as detailed for example by Jackson and Marks [1998], through the 
production and use o f physical goods. Evidently there are many services which satisfy human needs in 
less exergy consuming ways than others, suggesting that there is scope for reducing the exergy consumed 
by society simply changing the type of goods it uses. This type of reduction in exergy consumption is not 
analysed in this study but is an area which deserves future consideration.
As detailed in Chapter 1 exergy analysis will be used in this project to analyse the physical structure of 
the steel sector of the economy and to assess how resources are used within it. At the same time we will 
be examining the usefulness of using exergy analysis itself. The UK steel sector has been chosen for the 
reasons outlined in the previous chapter. The method used will follow a life cycle approach, building up a
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system which describes the steel sector from individual processes. The main stages in a typical steel life 
cycle are shown in Figure 2-7-2.
Figure 2-7-2 Main stages in the life cycle o f steel
S erv ices  to society  
-----------
Raw
Material - Q - »
Steel
Production d Z K
Steel
sood - Q - »
Steel 
sood use - E h
Steel
^ood  Wasie
0 Steelrecycling
T = Transport stage
So we will be analysing ways in which the services provided by steel-containing goods within the UK 
economy can be supplied with a lower exergy consumption. The particular areas concentrated on are:
1. Improving the exergetic efficiency of processes within the steel sector;
2. Changing the structure of the network of processes within the steel sector;
3. Reducing the overall demand for steel.
Areas which will not been addressed include product substitution and material substitution within 
individual products.
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8. Summary and Conclusion
This chapter has described the theoretical basis for the concept of exergy, detailing the history of exergy 
analysis and the nomenclature which will be used for the rest of the study. It then discussed the way 
exergy analysis can be used to optimise the thermodynamic performance of processes and the measures 
of performance which will be used in the exergy analysis of the steel sector. The reasons for applying 
exergy analysis to economies and the processes within them were also explored through the relationship 
between exergy consumption, resource depletion and pollution emissions. It wasiiWlr^W that reducing the 
exergy consumption of economies while maintaining the delivery of services to society is linked to a 
reduction in resource depletion. However no concrete link was established between the exergy in waste 
outputs from an economy and its pollutive impact.
It also explained the scope of the investigation into the steel sector of the UK economy with its emphasis 
on process optimisation, system improvement and total demand for steel goods. The next chapter will 
describe and apply exergy analysis to the processes within the UK steel sector which will be used to 
construct a system representing the UK steel sector.
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Endnote: Exergy content and Economic Value
On a broad scale there are parallels between exergy content and economic value. Both denote a certain 
usefulness and both are destroyed or lost as they flow through the economy. But there are many other 
aspects of a material or energy flow other than its exergy content which determine whether it has 
economic value. However there is a slight correlation between high exergy containing materials and their 
economic value. It is probably true to say that most objects of high economic value have a reasonably 
high exergy, however the reverse is definitely not always true. Georgescu-Roegen [1971] sums this up 
nicely with the example of a poisonous mushroom that, despite being of low entropy and high exergy has 
no economic value, whereas an edible mushroom, having to all intents and purposes identical exergy 
content, has value. This also provides a further graphic example of the lack of any relationship between 
exergy level and toxic effect. Several authors have proposed more rigorous links between exergy content 
and value [Brodyanski 1996][Gaggioli 1983] yet beyond specific examples such as the thermo economic 
optimisation of a CHP plant [Bejan et al. 1996], it is difficult to see why this should be so given that there 
are so many additional qualities of goods and services other than their exergy from which they derive 
economic value. We do consume exergy in our economies, but it is not exergy per se which is of value.
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Chapter 3 : Exergy analysis of processes within steel
production.
‘W e have sent down iron, with its mighty strength and diverse uses for mankind, 
so  that Allah may know those who aid Him, though unseen, and help His 
apostles. Powerful is Allah and mighty.’-T heK oran, Sura, 57:25.
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1. Introduction
There are many discrete processes within the steel sector of the UK. In this chapter we 
describe and analyse those processes involved in the production of finished steel from 
raw materials. The exergetic throughputs of the processes are calculated and the 
performance examined. Possible improvements to their thermodynamic performance are 
then suggested. These analyses will be used in later chapters as the building blocks for 
the models of the UK steel sector.
There are two production routes for steel currently in use in the UK: the blast furnace- 
basic oxygen furnace route (BFBOF) which produces steel from iron ore and scrap; and 
the electric arc furnace route (EAF)which produces steel from scrap only. These are 
disaggregated into smaller sub-processes as shown in Figure 3-1-1. Following the life 
cycle approach, major processes indirectly linked to steel production yet not sited at the 
steel plant are also included (e.g. electrical power generation and oxygen provision) 
because the exergy consumption within them is attributable to steel production.
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Figure 3-1-1 Sub-processes in steel production a) BFBOF, b)EAF
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2. Method
Most of the data for the processes come from actual processes sourced direct from the 
industry concerned [British Steel 1995, CoSteel 1996, IS SB 1996, UNEP 1997]. Where 
data has not been available from these sources it has been supplemented by published 
data [PEMS 1994, ETH 1996] or estimates. The sources will be indicated in the relevant 
section. Because these are generally based on real-life measurements, not stoichiometric 
mass balances, the input and output masses often do not match exactly. An acceptable 
error in mass balance is taken to be of the order of 10%. The mass and energy data were 
converted to exergy to give the exergetic inputs and outputs from the processes. These
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were then used to calculate the exergetic destruction, exergy to wastes, and exergy jI
consumption. Where applicable an estimation is made of the intrinsic exergy 
consumption of the process to give an idea of how much of the exergy consumption is 
avoidable. The exergies of substances in the UK steel sector are given in Appendix A.
The analyses are based only on the process flows of exergy, not including the exergy 
required to produce the plant capital. In the terminology of Boustead [1979] it is a first 
order analysis. The error introduced by this omission of capital inputs from the total 
energy consumption of a process is of the order of 10% for energy analyses of industries 
with large energy intensities [ibid.]; it is assumed to be of a similar magnitude for the 
exergy analyses because the inputs are mainly fuels which have similar energies and 
exergies.
The following sections describe the processes and the results of the exergy analysis for 
these processes, starting with those involved in the BFBOF route.
3. Sintering
Sintering is an agglomeration process common to many integrated BF-BOF steel plants 
whose aim is to produce a product with a high iron content in a physical form suitable for 
the high pressures and temperatures in the blast furnace. Ore fines are mixed with about 
5-6% coal dust and 10-12% water; the former provides the heat and the latter improves 
the permeability of the finished product. Limestone is also added. The coal in the mixture 
is ignited by an oil or gas fired ignition hood as it passes along a conveyor. Air is drawn 
down through the sinter bed to spread the heat evenly through it [Fig.3-3-1]. Three main
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processes occur in the sintering operation:
1. The generation of thermal energy in the combustion of the coal driving off the 
H2 O, CO2, SO2 and any volatile metals e.g. Cd and As. These are emitted to the 
atmosphere usually through filters to capture dust.
2. Fusion between the ore fines as their surfaces partially melt resulting in an 
agglomerated porous material with a large surface area to volume ratio.
3. Calcination o f the limestone to lime (CaCOa ->CaO + CO2 ). This is an 
endothermie reaction using the heat of combustion of the coal. Sinter with lime is 
termed self-fluxing and reduces the energy requirements of the blast furnace as 
calcining does not have to happen there.
Figure 3-3-1 Diagram o f typical sinter plant
Hot sinterIgnition hood F lam e frontI V
□ □
Air drawn through sinterstrandSinterstrand
Exergy analysis
The main exergetic throughputs to the sintering process are shown in Table 3-3-1, based 
on input data from the British Steel Llanwern plant [British Steel 1994]. The output data
80
are taken from ETH [1996] and PEMS [1994].
Table 3-3-1. Exergetic throughputs o f  the sintering process.
Material or energy flow Source of 
data
Quantity
t
Exergy
GJ
INPUTS
Electricity BS Llanwern 0.13
Natural gas BS Llanwern 0.001 0.09
Process water PEMS 1.71 0.09
Iron ore PEMS 0.87 0.22
Iron sinter undersize and dust PEMS 0.13 0.04
Coke breeze BS Llanwern 0.04 1.42
Limestone BS Llanwern 0.15 0.01
Total 2.91 1.99
OUTPUTS
m  ' I f  I P
Iron sinter undersize and dust PEMS 0.13 0.04
Process water PEMS 1.67 0.08
Iron sinter BS Llanwern 1.00 0.23
Total 3.01 0.66
Exergy destruction 
(inputs -  outputs)
1.34
Exergy consumption 
(inputs -  useful outputs)
1.6
NB: Shaded outputs indicate waste flows.
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The primary exergy input is the chemical energy of the coke breeze, which is used to heat 
the sinter and the gaseous combustion products. As there is, in general^ \  little heat 
recovery from the sinter or the combustion products, most of this heat ends up in the 
atmosphere and is wasted. The amount of exergy consumed is 1.6 GJ/tonne of sinter. 
Most of this exergy consumption occurs in the transfer of chemical exergy from the coke 
to thermal exergy in the sinter at a maximum temperature of 1100 ®C, and in the 
subsequent heat transfer from the hot sinter to the atmosphere as it cools.
Therefore, in exergetic terms, there is no permanent transfer of exergy from the coke 
breeze to the iron ore particles apart from that contained in the calcium oxide. The 
exergetic efficiency is correspondingly almost zero when one considers the useful 
exergetic output of the sinter process. But the objective of the sintering process is to 
transform the physical characteristics of the iron ore to make it suitable for blast furnace 
use and this is not quantified by the exergy content of the material. However the exergetic 
consumption in carrying out this transformation can be used as a performance measure of 
the sintering operation. Improving this figure while keeping the basics of the process the 
same (i.e. heating through combustion to fuse the iron ore particles) would be difficult 
given the inherent exergy destruction caused by the conversion of chemical energy to 
thermal energy. Even if heat recovery from the hot sinter were incorporated at 500 °C 
say, only 39% of the initial input exergy is still available as thermal energy, and this
” See McGannon [1971] for information on forms of heat recovery from the sinter in some plants.
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percentage would be further reduced by inefficiencies in the heat exchangers
Based on the fundamental characteristics of the sintering process, an intrinsic exergy 
consumption can be calculated. The sinter needs to be heated to lOOO^C and its heat 
capacity is estimated to be 0.5 MJ/t/K. Thus each tonne of sinter requires 0.5GJ of 
thermal energy. The thermal exergy of this hot sinter is calculated to be 0.3 GJ. This is 
provided from the combustion of coke of an equivalent energy content to the thermal 
energy required. Therefore there is an intrinsic loss, due to the degradation of the energy, 
in converting this chemical exergy to thermal exergy of 0.2 GJ. For each tonne of sinter 
150 kg of limestone needs to be calcined. Thus CaCOs CaO +Ca O2 needs 0.13 GJ per 
150 kg of CaCOs . Therefore the minimum exergy consumption is about 0.3 GJ per tonne 
of sinter if there is no heat recovery from the hot sinter. As the total exergy consumption 
in the real process is 1.3 GJ, this implies that the real sintering process consumes 1.0 GJ 
of exergy in avoidable losses. .
More improvement might be possible by abandoning the sintering process and using 
different agglomeration processes such as pelletising or briquetting. These produce a 
strong iron-rich material without the need for high temperatures within the process 
through the use of binding materials. The suitability of these processes depends on the 
ore type and the blast furnace characteristics as well as the economics of replacing the
Although if the heat recovery could substitute for substantial exergy consumption in another linked 
process the combined improvement could make heat recovery worthwhile.
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sinter plant.
4. Coking
Carbon is needed in iron production to capture the oxygen from the iron ore in the blast 
furnace. Before coke making was invented the source of carbon was charcoal derived 
from burning wood with a very limited supply of air^ .^ The source of this carbon 
nowadays is coal. In order to dissociate the other compounds - primarily hydrogen, 
sulphur, water and nitrogen (known as the ‘volatiles’)- from the carbon within the coal, it 
is allowed to burn in a lean oxygen environment. The temperature is controlled at around 
lOOO^C by varying the air available to the coal. The volatiles are driven off to produce 
coke gas, oils, tars and ammonia. The by-products are condensed out as the gas is 
allowed to cool. The remainder is solid coke. This process is known as by-product coking 
and is currently the main method of producing coke.
The coal used for coking is usually high-volatile coal mixed with medium or low-volatile 
coals to form a blend containing the least amount of sulphur and ash which is 
economically feasible, to avoid the adverse effects of these substances on the 
composition of the pig iron. The type of coal used affects the strength and brittleness of 
the coke. High volatile coal becomes plastic at high temperatures, whereas low volatile 
coal is less fluid but expands when carbonised, which is undesirable for coke ovens. The
This led to widespread deforestation. An example is the South Downs in Sussex which is now bare 
grassland due to iron production in the region in the 16**' and 17*** centuries.
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coals have to be blended to produce a coke that is pure and strong enough to withstand 
the pressures of the blast furnace, yet breaks into small enough lumps to provide a large 
surface area for reactions to take place. This tight specification for the coal means that 
suitable coals are in short supply and command a higher price than ordinary coals. There 
is a growing global trade in coking coals.
A coke oven battery is made up of about 50 coke ovens lying parallel to each other. In 
between the ovens are flues within which gases, usually coke gases, are burnt to provide 
the heat for the coal to carbonise. Exhaust pipes from the coke-containing part of the 
oven take off the coke gas and by products. Similar flues take off the combustion 
products from the heating gases. [Fig.3-4-1]
Figure 3-4-1 Schematic diagram o f the layout o f coke ovens in a coke oven battery.
Coal/coke.
Combustion products out
By product out"
Coal in \
Combustion gases 
and air intakes
Coke out
Combustion flues
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Coke production from each oven is a batch process. Average coking time (the time 
between filling an oven with coal and emptying the coke) is around 17.5 hours for a coke 
slab of height 6.3m and width 0.44m [HMIP 1992] with length about 10 m [McGannon 
1971]. Having many ovens ensures that a reasonably continuous supply o f coke is 
produced. When the coal has completely carbonised it is pushed out and into a rail 
carriage. This is moved under a quench tower which dumps sufficient water onto the 
burning coke (now in the presence of oxygen) to stop combustion, but not so much that 
the coke becomes moisture-laden.
Coke production produces direct pollution, in its release of potentially harmful substances 
to the environment. It is impossible to capture all the gases emitted during the 
carbonisation of coal, so substantial amounts are released to the atmosphere. As well as 
emissions when the coke is pushed out of the oven, there are emissions to water and air in 
the quenching tower where the coke is cooled and from leaks in the coke ovens.
Estimates for the Llanwern plant show about 2.4 m  ^of coke gas released prior to each 
push [HMIP 1992].
Exergy Analysis
Data from ETH [1996], PEMS [1994] and British Steel [1995] were used to formulate the 
mass balance for the model of the coking process. Although the error in mass balance is 
over 10 %, the difference in carbon content between the inputs and the outputs was under 
6% with respect to the amount of carbon input [Table 3-4-1], showing that the most 
important compounds from an energy and exergy point of view are reasonably in balance.
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The imbalance occurs from high mass, low exergy content throughputs such as steam and 
water.
Table 3-4-1 Carbon balance fo r  the coking process
Substance Sources Input quantity 
of carbon. 
Tonnes/tonne 
of coke
Substance Sources Output 
quantity of 
carbon. 
Tonnes/tonne 
of coke
Coal* BS Llanwern 1.19 Tar (CH^) BS Llanwern 0.30
Coke gas BS Llanwern 0.01 Coke breeze BS Llanwern 0.10
BF gas BS Llanwern 0.13 Coke gas BS Llanwern 0.06
BOF gas BS Llanwern 0.01 CO PEMS 0.00
v o c PEMS 0.00
Oil light BS Llanwern 0.01
C02 PEMS 0.01
Coke BS Llanwern 0.95
Total 1.34 1.39
Difference as a 
percentage of 
the input:
5.4%
* Assuming coal to be , 94% carbon. [Schobert 1990]
The exergetic throughputs of the Llanwern coking process are shown in Table 3-4-2.
There are in effect two processes occurring in the coke ovens. One is the combustion of 
by-product gases to produce thermal energy at around 1000 °C and the other process is
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the transformation of the coal into coke and by-products. In the latter process the 
chemical exergy of the coal is largely retained in the coke and by-products. The majority 
of the exergy is destroyed in the combustion of the gases to provide heat. Therefore 
improvements to the process should centre on reducing the amount of fuel required to 
raise the coal to carbonising temperatures. Recuperating the heat lost from the exhaust 
gases and by-products and using it to pre-heat the coal could produce some efficiency 
gains. Another area of exergy destruction is through the quenching of the coke. There 
exist so-called dry-quenching processes [McGannonl971] which quench the coke in an 
inert gas such as nitrogen and use this hot gas to raise steam for use elsewhere in the 
plant, substituting for fuel use. However they are not common in Western coke plants. 
This is probably due to handling problems and the capital investment involved in 
constructing such a plant.
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Table 3-4-2. Exergetic throughputs in coking.
Material or energy flow Source Quantity / 
tonnes
Exergy / GJ
INPUTS
Electricity BS Llanwern 0.15
Low pressure steam BS Llanwern 0.40 0.40
Coking coal BS Llanwern 1.27 43.00
Coke oven gas BS Llanwern 0.04 1.52
Blast furnace gas BS Llanwern 0.73 1.96
Basic oxygen furnace gas BS Llanwern 0.01 0.07
Process water BS Llanwern 12.48 0.62
Total 15.14 47.73
OUTPUTS
: i.OO
S î SISîS;:î: îÎ | 1 î 
IPEMSsW' ~--’i
m m  w
:o. '0 2  V OfOl
Water process BS Llanwern 12.48 0.62
Steam LP BS Llanwern 1.07 0.74
Light oils BS Llanwern 0.01 0.46
Tar BS Llanwern 0.03 1.36
Coke oven gas BS Llanwern 0.19 6.68
Coke and coke breeze BS Llanwern 1.0 31.60
Total 15.87 42.84
Exergy destruction 
(inputs -  outputs)
0.43 4.89
Exergy consumption 
(inputs -  useful outputs)
6.27
NB: Shaded outputs indicate waste flows.
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The coking process consists essentially of heating the coal to 1000 °C (assuming a 
specific heat capacity of 1.1 MJ per tonne per K for coal [Schobert 1990]) with no final 
heat recovery. In exergy terms, 43 GJ of coal exergy are converted to about 42 GJ of 
coke, oil, ammonia, tar and coke gas, so that the intrinsic exergy destruction of the 
process is about 1.5 GJ per tonne of coke produced. Therefore there is an avoidable 
exergy consumption of about 4.7 GJ in the coking process suggesting that there is 
substantial room for improvement through better process control and other methods 
mentioned above.
S.Blast furnace
The purpose of the blast furnace is to provide the right conditions for carbon to reduce 
iron oxide. At temperatures above 800 the iron oxide becomes less stable than the 
oxides of carbon. Therefore the oxygen leaves the iron oxide and binds with the carbon, 
producing carbon dioxide and carbon monoxide gas, and molten iron. Impurities and 
gangue in the ore are absorbed in the slag, whose formation is aided by the introduction 
of lime, directly and through the sinter. The slag is a vitreous silicate which floats on the 
molten iron. The heat required to keep the blast furnace at these high temperatures is 
provided by exothermic reduction reactions of the iron oxide by carbon monoxide (other 
reduction reactions are endothermie) and by the combustion of coke with air injected at 
the bottom of the furnace. The air is preheated by the combustion of by product gases and 
blast furnace gases in specially designed stoves. Other fuels, oils and natural gas, are also 
added to the blast air to combust and hence increase the temperature.
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The blast furnace is a counter-current reactor - the two main components move in 
opposite directions. The solid materials are fed in at the top and are heated by the rising 
gases which are injected at the bottom [Fig.3-5-1 & 3-5-2]. This arrangement improves 
the heat transfer characteristics o f the solid and gas, so high temperatures are attained at 
the bottom of the blast furnace.
Figure 3-5-1 Temperature profile in a blast furnace
Iron ore, limestone and coke in
Stack 20m
Bosh and 
hearth Air in 
8m
fusion zone 
1200-1600
Molten iron
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Figure 3-5-2. Temperature difference between solids and gases in the blastfurnace
Height in 
Blast furnace
p a s e s
Solids
Temperature
The sides of the blast furnace are hned with heat resisting refractory materials. These 
protect its structure and reduce heat loss, keeping the interior temperature high. Cooling 
water is pumped around copper pipes within the furnace wall to cool the exterior of the 
structure. Solid inputs are lifted to the top of the stack on conveyor belts. An air lock has 
to be used to add these materials and to prevent the escape of gas and dust. Most blast 
furnaces have a positive pressure at the top to increase performance; an airtight delivery 
system is especially important in these circumstances. The slag is less dense than the 
molten iron and floats above it. It is molten and is tapped off through holes in the side of 
the blast furnace. The slag is left to cool in the open and is either landfilled or sold as 
aggregate for uses such as roadbuilding. The blast furnace gases are taken from the top of 
the blast furnace and passed through a filter to remove any solid particles blown out of 
the blast furnace. The iron-rich solids are recycled into the blast furnace or input to the 
sintering process. The blast furnace gas is then used to provide energy for other sectors of 
the integrated iron and steel plant. The iron is tapped off through holes below those for
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slag tapping into a large refractory lined ladle, or ‘torpedo’, where it remains molten^ 
awaiting transfer to the BOF steel making process.
Chemistry of the blast furnace
The blast furnace is the site of the major chemical change in the steel life cycle when the 
iron is reduced from iron oxide to iron [McGannon 1971]. At the top end of the stack at 
temperatures below llOO^C, exothermic indirect reduction, Eqs. [3-5-2, 3 & 5], of the 
iron ore by the carbon monoxide predominates. The reaction:
2C + 0 2 - > C 0  AH Sa =-222kJ [3-5-1]
is also favoured. The series of reactions occurring below 1 lOO^C can be represented:
BFejOa+C0-»2Fe304 +CO2 @400-600 °C [3-5-2]
FG3 O4 + CO —> 3FeO + CO 2 @500 - 800(FeO is unstable below 570 °C) [ 3 - 5 - 3 ]
2C0 ^  C+CO2 @540 - 650°C [3-5-4]
FeO + C O ^  Fe+COz @800-1100° C [3-5-5 ]
C a C O a C a O + C O 2 @00°C [3-5-6]
Reactions in Eqs. [ 3-5- 2, 3 &5 ] describe the gradual reduction o f the iron oxide by the 
carbon monoxide. Reaction [3-5-6] is the calcination of limestone which is endothermie. 
The use of a self-fluxing sinter provides a ready source of lime avoiding the exergy 
consumption of calcination within the blast furnace.
In early iron making the molten iron was poured into several moulds in an arrangement which resembled
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Above 1100 °C at the bottom of the stack, the slag starts to form and direct reduction 
(which is endothermie) of the remaining iron ore by the carbon takes place [3-5-12]. This 
area is known as the bosh and the reactions can be summarised as follows:
P2 O5 +5C->2P(inFe)+5CO [3-5-7]
MnO + C M n ( i n  Fe) + CO [ 3 - 5 - 8 ]
SiOj +2C-> Si(in Fe) + CO [ 3 - 5 - 9 ]
S(in coke and iron o re) + CaO + C -> CaS(in sla g) + CO [3-5-10]
C(in coke) —> C(in Fe) [3-5-11]
FeO + C->Fe + CO [ 3 - 5 -12]
The sulphur is absorbed into the slag Eq. [3-5-10]. However the iron picks up impurities 
of phosphorus Eq. [3-5-7], manganese Eq. [3-5-8], silicon Eq. [3-5-9] and large amounts 
of carbon Eq. [3-5-11].
The temperature distribution within the blast furnace indicates which reactions are taking 
place [Fig.3-5-1], although in detail the processes are more complex. Consider air 
entering the bottom of the stack and rising up. Its initial reaction is with the coke:
On meeting a coke molecule, the carbon dioxide will react to produce CO:
C + COj —^ 2C0
Next this CO, now cooler as it moves up the stack, will indirectly reduce the iron oxide:
piglets suckling. This is the origin of the term ‘pig’ iron. The feeder manifold was termed the ‘sow’.
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F eO + C O -^F e  + COj
This CO2 then splits into CO again on meeting a carbon atom, and so on up the stack. As 
the air is rising so rapidly and the temperatures varying, the two reactions do not come 
into equilibrium. Instead there is an oscillation between the two states. The consequence 
of this non-equilibrium is that there is much more CO at the top of the stack than would 
be expected. This means that not all the reducing potential of the carbon added to the 
blast furnace is realised. There is some compensation as the gas from the blast furnace 
contains significant amounts of CO and can be used as a fuel in other parts of the plant. 
However attaining equilibrium conditions while improving the use of coke would 
adversely affect the speed of the process so a balance between rate and efficiency 
providing the optimal economic output has to be struck.
Limestone is added to the furnace burden to form the slag and to remove sulphur from the 
iron. The sulphur (Eq. 3-6-10) removal takes place as the calcium has a greater affinity 
for the sulphur at hearth temperatures. The rest of the lime combines with the silicon and 
any unreduced oxides, such as AI2 O3 , to form the molten slag in the bosh. As mentioned 
above, coke is expensive and needs to be conserved as much as possible. Preheating the 
air blast by passing it through Cowper stoves, raising the temperature of the incoming air 
to about 1000°C, reduces the amount o f coke that needs to be burnt to raise the furnace 
temperature. Cowper stoves are brick lined channels where gases (predominantly blast 
furnace gas) are combusted. The bricks store the heat and transfer it to the air that is later 
blown through the same channels.
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Oxygen enrichment also reduces the amount of coke required per tonne of iron produced. 
However there is a trade off to be made. By reducing the nitrogen flow, enriching with 
oxygen reduces the volume of gas in the blast furnace which leads to a decrease in the 
rate of heat transfer between gases and solids in the shaft. This decreases the rate of 
indirect reduction higher up the shaft which has to be compensated for by a 
corresponding increase in the rate of direct reduction. The latter is endothermie and so 
requires more coke to be burnt to provide the energy to power this reaction. The balance 
that has to be struck results in a maximum oxygen enrichment below 9% (i.e. 9% oxygen 
added to air).
The addition of hydrocarbons (coal, gas or oil) through the tuyeres (the inlet pipes to the 
blast furnace) and to the top of the stack results in higher efficiency of the indirect 
reactions. Hydrocarbons decompose into carbon monoxide and hydrogen both of which 
reduce the iron oxide. Steam injection through the tuyeres also produces hydrogen and 
carbon monoxide through the ‘water-gas shift’ reaction with the coke. However, this 
reaction is endothermie, so that it lowers the hearth temperature. Therefore steam 
injection is usually used in conjunction with air preheating to compensate for this 
temperature loss. Increasing the pressure (typically up to about 250 kN/m^) at the top of 
the stack also causes the gas to ascend more slowly as the pressure gradient between 
bottom and top is reduced, increasing its residence time and thus increasing the efficiency 
of indirect reduction.
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All the above methods are designed to optimise the rate of iron production per tonne of 
coke consumption. The typical composition of the pig iron produced is 3.5-4% C; 1- 
2%Si; about l%Mn;0.2-2.5%P; 0.04-0.2%S; and the remainder Fe [McGannon 1971]. 
However control over the precise composition is poor. In addition, blast furnaces are very 
much large-scale devices, producing up to 10000 tonnes of pig iron per day, and so are 
very capital intensive.
Exergy Analysis
The blast furnace is the operation where the high exergy of the coke is used to raise that 
o f the sinter input to produce iron. The useful outputs in this model o f the blast furnace 
are the molten iron, including the thermal and chemical exergy that it contains, and the 
blast furnace gases. The non-useful outputs are the slag*^, the heat of the slag and the heat 
o f the exhaust gases.
The model o f the process was based on information from a British Steel plant [British 
Steel 1995]. The carbon balance was within 2% and the mass balance was within 10%. 
Typical composition of the iron product is given in Table 3-5-1. The exergy is calculated 
by summing the exergies of the constituent substances in the pig iron. Mixing effects are 
assumed to be negligible. The resultant exergy is calculated as 8.55MJ/kg.
The slag is sold as an aggregate for construction, and therefore is not counted as a waste.
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Table 3-5-1 Calculation o f the chemical exergy o fp ig  iron [Composition from  
McGannon 1971]
Substance % by mass Molar 
fraction %
Chemical
exergy
kJ/mol
Total
exergy
MJ/kg
Fe 93.7 80.9 304.5
C 4 16.1 65.9
Mn 1 0.9 4.2
P 0.4 0.6 5.4
S 0.05 0.1 0.5
Si 0.9 1.5 12.5
8.55
Using Eq. 2-3-18
The blast furnace slag consists of metallic and silicon oxides. The enthalpy of devaluation 
and chemical exergy are given in the table below; mixing effects have been assumed to 
be negligible and so not considered.
Table 3-5-2. Calculation o f  chemical exergy o f blast furnace slag. [Composition from  
Peacey 1979]
Substance % by mass Chemical exergy MJ/kg
SiOz 39 0.03
AI2 O3 10 2.00
CaO 39 1.97
MgO 10 1.66
N a20+K 20(l:l) 0.5 4.78, 4.39
S 1.5 19.01
Total 1.45
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The exergy throughputs to the blast furnace are shown in Table 3-5-3. The exergy 
destruction occurs due to heat losses across temperature gradients and non-equilibrium 
reactions in the blast furnace. The efficiency of the blast furnace is high, by any 
standards. This is characteristic of processes which are primarily exchanges of chemical 
exergy between different substances. The main destruction of exergy is due to the need to 
raise the temperature of the materials within the blast furnace so that the conditions are 
right for the exchange of chemical exergy at the correct rate. Exergy is lost in the 
conversion of chemical to thermal energy and through the subsequent loss of much of this 
thermal energy to the environment. In addition the reactions are not at equilibrium, and 
this irreversibility leads to a net increase in entropy.
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Table 3-5-3 Exergy throughputs in the Blast Furnace.
Sources Quantity / 
tonnes
Exergy / 
GJ
INPUTS
Electricity BS Llanwem 0.1
By-product gases BS Llanwem 0.5 1.75
Natural gas BS Llanwem 0.00 0.21
Fuel oil BS Llanwem 0.09 3.67
Low pressure steam BS Llanwem 0.03 0.03
Limestone BS Llanwem 0.30 0.02
Coke BS Llanwem 0.40 12.70
Iron sinter BS Llanwem 1.24 0.29
Total z - r é 19.96
OUTPUTS
m  / , ' : » ■ »  L
Meat ©i©lgas.atî.iii^i'!îi';': ■ V f  y - .  ■
H .
i
m >.orD3 ‘ '
PEM » ;Pf67 • ’ m o  \ , !
Blast furnace slag PEMS 0.30 0.44
Blast furnace gas BS Llanwem 2.00 5.40
Pig Iron BS Llanwem 1.00 8.55
Heat of pig iron Est. 1.00
Total 4.00 16.81
Exergy destruction 
(inputs -  outputs)
3.17
Exergy consumption 
(inputs -  useful outputs)
4.60
NB: Shaded outputs indicate waste flows.
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Estimating the intrinsic and avoidable exergy consumption of the blast furnace is very 
dependent on which aspects of the process are deemed unchangeable. Here we assume 
that the blast furnace necessarily needs to heat the feedstocks to 1600 °C through 
chemical reactions; that the reduction of the iron takes place at equilibrium conditions 
(i.e. a direct transfer of chemical exergy from the coke and iron ore to the iron and carbon 
dioxide); and that the molten iron leaves the system at 1600 °C but the offgas and the 
CO2 are at ambient temperature. The desired products are one tonne of molten iron and 
blast furnace gas (assumed to be pure CO) with an exergy content of 5.4 GJ. The 
processes intrinsic to the blast furnace can be summarised as:
1 Transfer of chemical exergy to thermal exergy in the feedstocks reaching a 
maximum temperature of 1600°C by the reactions:
0.22tC+0.30t02 ->0.52tCO + 2.48GJ 
1 .4 3 tFe2 0 3  +0.16tC->ltFe + 0.59tC02 +1.5GJ
and by the combustion of any required fuel gases, and also the direct chemical exergy 
transfer from the reactants to the products of the above reactions.
2 Cooling of the blast furnace gas from 200 °C at its exit from the blast furnace to 
ambient temperature.
The thermal energy required to raise 1.41 Fe2 0 3  , 0.461 C and 1.51 air (Cp = 0.5, 1.5, 1
MJ/t/K respectively) to 1600 °C is about 4.8 GJ. The reactions above produce only 4.0 GJ,
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therefore an extra energy input of 0.8 GJ of fuel is required to provide the additional 
heating. So the total input of exergy is due to 0.46t C = 13 GJ, 1.4t Fe203 =0.1 GJ and 
0.8 GJ fuel, total 14 GJ exergy input.
The exergy of the products is It Fe = 6.7 GJ and 0.521 CO = 5.4 GJ, and the thermal 
energy of the molten iron = 1 GJ. The total output exergy is 13.1 GJ. Therefore according 
to this very rough estimate the intrinsic exergy destruction is of the order of 1 GJ per 
tonne of pig iron produced. Combined with the real exergy consumption o f 4.6 GJ, this 
implies an avoidable exergy consumption of 3.6 GJ per tonne of pig iron produced. 
Improvements which would reduce the exergy consumption include: reducing the particle 
size of the feedstocks to improve heat transfer and speed the transferal of chemical 
exergy; and increasing the residence time in the blast furnace so reactions can proceed in 
a more controlled fashion.
S.Basic Oxygen Furnace Stee! making
Whereas ironmaking is a reduction process which produces impure iron from iron ore, 
steelmaking is an oxidising process used to lower the impurities in the iron to acceptable 
levels and add alloying material. These impurities and alloys significantly alter the 
characteristics o f the steel; their precise concentration will depend on the function the 
steel has to perform. The BOF in which this process is carried out is illustrated in Fig. 3- 
6- 1.
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Steel making chemistry
The aim of steel making is to remove the carbon, phosphorus, manganese, silicon and 
sulphur impurities through the reactions:
2P(l%in Fe) + 50(in Fe) -> P2O5 (in slag) AH = 11200kJ [3-6-1]
Si(l%inFe)+20(inFe)-^SiOaCinslag) AH = 745kJ [3-6-2]
Mn(l%in Fe ) + 0(in Fe) MnO(in slag) AH = 399kJ [3-6-3]
C(l%in Fe) + 0(in Fe) -> CO(gas) Ah  = 133kJ [3-6-4]
The method is to oxidise these impurities before excessive oxidation of the iron occurs. 
The metal impurities will oxidise more readily than the iron as they satisfy the condition 
that the Gibbs free energy of their reactions is greater than that of the formation of iron 
oxide. This condition is not satisfied for the sulphur or the phosphorus. However by 
increasing the alkilinity (adding CaO) of the slag, increasing the oxygen supply, and 
keeping the temperatures down, the phosphorus can be removed. This is due to the 
changing activity of phosphorus in solution with these factors.
Figure 3-6-1 Basic oxygen furnace
Oxygen
W ater cooled  
oxygen  lancëï Refactory lining
SlagÇn reality th e slag  and molten iron are 
in a turbulent em ulsion near th e surface)
Molten iron
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Sulphur removal is also achieved by using a basic slag and by adding Ca in the form of 
CaO which forms a stable sulphide. However, it is also preferable to have a low oxygen 
potential in the metal and a high temperature for effective removal o f the sulphur.
Because of the different conditions required for sulphur and phosphorus removal, the 
conditions in the steelmaking process need to be varied. In addition, the levels of sulphur 
and phosphorus need to be lowered before the carbon reaches its specified value [Fig. 3- 
6-1] or else carbon must be added later in the form of pig iron or anthracite. This can add 
further impurities and will cool the metal, so it is not desirable.
The BOF is usually situated downstream from the blast furnace in integrated steel works 
and is charged with a ladle or ‘torpedo’ of molten pig iron. The BOF can take a charge of 
up to 30% scrap with the molten pig iron. A water cooled oxygen lance injects oxygen 
into the melt at a rate of 70 kg O2/ tonne of metal produced [British Steel Llanwem 
1995]. The reactions are very exothermic so the temperatures remain high without the 
need for additional heat input. This thermal energy release is used to melt the scrap. Iron 
ore and other additives are added to control slag composition. Typical production rates 
are a charge of 200 tonnes in 30-40 minutes. Because of their high production rates 
BOF’s produce the bulk of the steel in most steel industries. Some gas, containing mainly 
CO, is given off (approx. 100kg per tonne o f steel produced [HMEP 1995]) and this is 
often collected for use elsewhere in the plant as a combustion fuel.
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The BOF slag is less dense than BF slag and contains significant amounts of free Hme 
and phosphorus.
Exergy Analysis
The scrap and steel are assumed to have the same enthalpy of devaluation and chemical 
exergy. While scrap is often not pure steel, for the purposes of this study the difference 
between the scrap enthalpy and exergy and that of the steel is unlikely to be significant. 
The calculation of the steel and scrap values are detailed in Table 3-6-1. The changes 
associated with solution formation have been neglected.
Table 3-6-1. Calculation o f steel chemical exergy. (Carbon steel composition from  
McGannon[1979])
Substance Percentage by 
mass
Chemical exergy MJ/kg
Fe 98.7 6.74
C 0.5 34.19
Mn 0.4 8.78
P 0.1 28.28
S 0.05 19.01
Si 0.01 30.43
Cu 0.2 2.11
Total chemical exergy^ 
6.91 M J/kg
f u s in g  Eq. 2-3-18
The mass and exergy flows are detailed in Table 3-6-2 and illustrated in Figure 3-6-2. 
The mass balance closes within 10% , neglecting the large cooling water throughput.
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Thus for each tonne of molten steel produced, 1.38 GJ of exergy are consumed. O f this 
1.17 GJ are destroyed exergy and the remaining 0.21 GJ are bound up in the waste 
products.
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Table 3-6-2.Exergy throughputs in the BOF.
Flow Source Mass t Exergy G J
INPUTS
Electricity BS Llanwem 0.11
Natural gas BS Llanwem 0.00 0.16
Process water PEMS 13.80 0.69
Scrap iron and steel BS Llanwem 0.20 1.38
Pig iron BS Llanwem 0.87 7.47
Heat of pig iron Est. 0.79
Mn PEMS 0.00 0.03
Lime PEMS 0.04 0.09
Limestone PEMS 0.02 0.00
Oxygen BS Llanwem 0.07 0.01
Other PEMS 0.01 0.01
Total 15.03 10.74
OUTPUTS
icSlSg:.;' -4', .Hiirr- 4 1 . 0  / 0 .1 % :
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‘tPEKlS. /O'OO
.me:dusE;Æ ' ■ KgEMS'-- Tj .0.03. )0 :o o m
PmcesR.water
. y
^o.67i;e. 
' 0  0 2  ■
c o i  ■ f'- ■ ] % . BS Llanwem ÿ v s 0 0 2
Low pressure steam PEMS 0.03
Scrap PEMS 0 . 1 0.07
BOF gas BS Llanwem 0 . 1 1 0.55
Molten steel BS Llanwem 1 . 0 0 6.91
Heat of steel Est. 0.98
Total 9.57
Exergy destruction 
(inputs -  outputs)
1.17
Exergy consumption 
(inputs -  useful outputs)
1.38
NB: Shaded outputs indicate waste flows.
By looking at the difference between the input exergy of the iron and alloys and that of 
the steel, we can estimate that if the chemical reactions were carried out in equilibrium 
they would generate a surplus of chemical exergy of about 1.9 GJ/ tonne of steel,
1 1 1
provided mainly by the oxidation reactions of the carbon. Part of this exergy is used to 
heat the scrap but the rest is destroyed through heat loss or is bound up in the slag as 
waste materials. Accordingly if the chemical reactions are assumed to occur in 
equilibrium conditions, then the only intrinsic exergy destruction is associated with scrap 
heating, resulting in a total intrinsic exergy destruction of 0.08 GJ per tonne of molten 
steel. Obviously there are also unavoidable losses due to entropy generation in the 
chemical reactions, but these are too complex to calculate here.
Thus the avoidable exergy consumption is therefore about 1.3 GJ per tonne of molten 
steel. This estimate does show that, even with BOF gas recovery, there is a substantial 
avoidable exergy loss within the BOF process. But because of the timing constraints in 
the oxidation and the fact that this means that the process consists of several stages, these 
‘avoidable’ losses might well on closer examination turn out to be inherent to the BOF 
process.
7.Electric Arc Furnace
EAF furnaces melt the charge by arc heating using three-phase AC current. The arc 
between the electrodes radiates enough heat into the charge to melt it. Electric arc heating 
is a controllable method of rapidly raising the steel scrap to very high temperatures. Some 
preheating of the metal with gas burners is also common. In addition the incoming scrap 
can be preheated by the exhaust gases of the previous melt as an energy saving measure. 
The charge can vary from 100% solid scrap to 50% scrap and 50% molten metal. Thus 
electric arc furnaces are often parts of stand-alone plants or so-called ‘mini mills’, which 
rely totally on inputs of solid steel scrap. They are generally smaller scale than the BOF
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and can produce steels to much higher specifications. Typical production rates for 100% 
cold charge are 120 tonnes in 4 hours, but furnaces can have a capacity o f as little as 10 
tonnes. The products range from plain carbon to high alloy steels. Figure 3-7-1 illustrates 
the EAF.
The EAF enjoys an economic advantage over the integrated BFBOF plants in that the 
capital cost of these plants is 1/3 that of the BFBOF ($300 per ingot tonne of a USA - 
based steel EAF compared with $1000/t for a modem BFBOF [Kelly 1990]). This is 
countered by the use of more expensive fuels (electricity) and materials in production and 
the advantages of economies of scale enjoyed by the BFBOF plants. Nevertheless the 
steels produced by EAFs are competitive with those from BFBOF.
Despite the differences in design of plant, the method of steel-making is similar to the 
BOF and involves the oxidation of impurities and their absorption into a slag. The 
oxygen is supplied to the melt either by oxygen lancing as in the BOF or by adding iron 
ore (which disassociates to provide molecular oxygen).
Figure 3-7-1 
Electric arc furnace
E lectrodes
'S lag
_ _Molten iron
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With regard to scrap usage, there has been concern about the build up of tramp metals 
which are not removed in steel production and which, above a certain concentration, 
affect the physical characteristics of the finished steel. Tramp metals are those elements 
commonly found in steel scrap which oxidise less readily than the iron, or that form 
oxides which are insoluble in the slag. The tolerance of the product for these tramp 
metals with deleterious effects depends mainly on the type of steel being produced 
[Henstock 1988]. This varies from reinforcing rods which can be made of relatively 
contaminated steel, to high quahty sheet steel e.g. for automobiles which have to conform 
to much more rigid standards. Table 3-7-1 shows the main residual elements, those that 
are partially removed and those almost entirely removed from the steel.
Table 3-7-1 Effect o f steel-making operations on elements present in the charge 
[Henstock 1988].
Retained in the steel Partially retained in the 
steel
Almost entirely eliminated 
from the steel
Antimony Carbon Aluminium
Arsenic Chromium Calcium
Cobalt Hydrogen Magnesium
Copper Lead Silicon
Molybdenum Manganese Titanium
Nickel Nitrogen Zinc
Tin Phosphorus Zirconium
Tungsten Sulphur
Vanadium
O f the residuals, the most troublesome is copper since it is reasonably common in scrap 
steel. The maximum permitted level of copper lies at 0.5% by mass in steel where it
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causes problems in the finish of the steel after rolling [Henstock 1988]. Copper 
contamination arises from inclusion of motor windings and other electrical wiring into 
the melt. Tin causes impairment of impact strength and this keeps specifications for tin 
concentration in steel at below 0.08%. Tin is present in the scrap primarily as tin-plate 
coating of the steel from packaging and bearings [Henstock 1988]. These are the main 
contaminants in steel and their build-up has been raised as a possible problem at high 
recycling rates. Solutions include adding separate processes to remove the copper or tin 
(e.g AGM resources detinning process [Neenan 1994]), or diluting the contaminated 
charge with virgin steel.
Exergy analysis
The electric arc furnace analysed here is owned and run by CoSteel Sheerness. This is a 
modern arc furnace and is one o f the more efficient furnaces in operation in the UK. The 
steel-making process considered actually consists of two processes: the electric arc 
furnace and the ladle furnace, which together take the scrap steel and turn it into a form 
ready for introduction to the continuous caster.
The exergy throughputs of the electric arc furnace and the ladle furnace are shown in 
Tables 3-7-1 & 2 respectively.
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Table 3-7-1. Exergy throughputs in the EAF.
Flows Source Mass t Exergy
GJ
INPUTS
Electricity CoSteel 1.49
Natural gas CoSteel 0.09 0.32
Electrodes CoSteel 0.003 0.09
Nitrogen CoSteel 0.008 0.00
Oxygen CoSteel 0.064 0.01
Alloys CoSteel 0.026 0.54
Lime CoSteel 0.034 0.07
Carbon CoSteel 0.014 0.48
Steel scrap PEMS 1.010 6.98
Other Est. 0.05 0.00
Total 1.213 9.98
OUTPUTS
lËEKlSrîft m.08r '
m E M S :#
0.01 T'
"1.008 O.OOXf ' '
m m s m :o.po:4;
B ^ # 4  V 0.00)::""
Scrap PEMS 0.010 0.07
Thermal energy of molten steel Est. 0.98
Molten Steel CoSteel 1.00 6.91
Thermal energy of exhaust gases Est. 0.01
Total 1.12 8.08
Exergy destruction (inputs -  outputs) 0.09 1.89
Exergy consumption 
(inputs -  useful outputs)
2.02
NB: Shaded outputs indicate waste flows.
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Table 3-7-2. Exergy throughputs for the ladle furnace
Flows Source Mass
t
Exergy GJ
INPUTS
Electricity CoSteel 0.112
Electrodes CoSteel 0.00 0.01
Argon CoSteel 0.001 0.00
Molten steel Est. 1.00 6.91
Internal energy of molten steel Est. 0.98
Total 1.001 8.01
OUTPUTS
Molten Steel CoSteel 1.00 6.91
Internal energy of molten steel Est. 0.98
Total 1.001 7.89
Exergy destruction 
(inputs -  outputs)
0.00 0.12
Exergy consumption 
(inputs -  useful outputs)
0.12
NB: Shaded outputs indicate waste flows.
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The total combined exergy consumption in the arc furnace and ladle furnace is 2.13 GJ 
per tonne of molten steel. The majority o f the inputs are electrical and the principal area 
of exergy consumption is in the heating of the scrap. This particular furnace has some 
scrap preheating with the exhaust gases from the previous melt, and also carries out some 
in-furnace preheating with natural gas. As a guide, the exergy destruction in heating 1.0It 
of scrap to 1600 electrically or through direct chemical combustion is roughly equal to
the difference between its thermal energy content and its exergy content, i.e. 0.4 GJ per 
tonne of steel. The rest of the process is vital from a metallurgical point of view, but has 
no easily identifiable intrinsic exergy losses. It can therefore be seen that in comparing 
the intrinsic exergy destruction in heating with the actual exergy destruction of 2.1GJ, 
that the electric arc furnace is a very inefficient scrap melter. Better techniques to raise 
the temperature of the scrap using less exergy should therefore be investigated. In 
addition there is a high premium in the use of electricity as far as the larger system is 
concerned. This will be taken into account in comparisons between the two different steel 
production routes.
Q.Finishing processes
The steelmaking processes of BOF and EAF are the last stages where significant changes 
are made to the chemical structure of the main input material. The following processes 
serve to change the physical shape of the steel, or to effect changes to the chemical 
composition of a thin surface layer of the steel.
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First the finishing process for the BOF steel plant is considered, followed by that of the 
EAF. The former produces a mix o f hot rolled slabs, pickled, galvanised, and annealed 
coiled strip and the latter steel rods and bars. Because they are based on plants producing 
different types of steel, there are significant differences between them; however there are 
many common characteristics between the two finishing plants.
Changing the physical form of the steel from liquid to a particular solid shape may 
change the exergy of the steel, but lies outside the scope of this exergy analysis which 
limits itself to changes in chemical composition and the physical changes due to 
temperature and pressure. It is assumed that the difference in exergy between two solid 
steel shapes is insignificant and is a quality of the steel product which has to be assessed 
by methods other than thermodynamics.
The data for the finishing processes for the BFBOF is taken from British Steel Llanwem 
[1995], IS SB [1995] and other sources identified in the Appendix B I-VI. For the EAF 
route the source is CoSteel [1996] and other sources also specified in Appendix B.
Continuous casting.
The molten steel is poured through moulds and cooled by water sprays, to produce a hot 
beam of steel. The main inputs are electricity to drive the motors and natural gas, for 
cutting the beams. The input exergy over and above that of the hot steel per tonne of
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metal continuously cast is 0.13 GJ. The steel itself is assumed to cool from 1550 to 
800 °C as it is cast into solid form. This results in exergy destruction of 0.66 GJ per tonne 
of steel. So the total exergy destruction for the concast process outputting steel beams at 
800 is 0.79 GJ. Thereafter the steel cools to environmental temperature before hot 
rolling, so a further 0.32 GJ of exergy is destroyed.
Without any recuperation of the thermal energy of the molten steel as it cools to ambient 
temperature, the intrinsic exergy destruction in the continuous casting process is 0.98 
GJ/t. The actual exergy consumption is 1.11 GJ. The extra 0.13 GJ due to the electricity 
and natural gas inputs is the only part of the exergy consumption which could be reduced 
in practice without major redesign of the process, for example to recover heat from the 
cooling steel or to reduce coohng before hot rolling (see below). However this is small in 
comparison to the intrinsic exergy consumption in the process.
Hot rolling
Approximately 5% of the steel slabs from continuous casting go directly to hot rolling; 
the remaining 95% are at ambient temperature when they enter the hot rolling process. 
The main exergy requirement for this process is in the reheating of the steel slabs. The 
heat is provided by the combustion of coke oven gas, fuel oil and natural gas. Electricity 
is used to drive the rolling motors. 30kg of scrap steel are produced per tonne of steel 
rolled, from Topping’ the ends of the rolled steel and other losses such as surface scale. 
This is recycled as home scrap in the BOF. The exergy destruction per tonne of steel 
rolled is 2.8 GJ. Of this, the intrinsic exergy destruction in heating the steel slabs to
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lOOO^C through chemical combustion is about 0.3 GJ. Subsequent cooling of the steel 
during and after rolling results in a further intrinsic exergy destruction of 0.4 GJ/tonne. 
Comparing this with the actual exergy consumption reveals an avoidable exergy 
consumption of 2.1 GJ. This is mainly due to the inefficient thermal energy transfer 
between the combustion gases and the steel. In addition there is a time constraint on the 
process which means that excessive amounts of fuel are used in order to speed up the 
heating. Much of this exergy destruction could be avoided if a) the slab heating process 
were more efficient; or b) more slabs were taken direct from continuous casting to hot 
rolling thus avoiding the need for reheating altogether.
Cold rolling
Cold, or continuous, rolling provides further shaping of the steel into the required shape. 
In this case the output is in the form of flat rolled steel which is coiled to await further 
processing. The rollers are electrically driven and consume 0.33 GJ of exergy per tonne 
of steel rolled. As stated before, there is no intrinsic exergy consumption in changing the 
shape o f the steel. Process improvement is therefore a case of trying to reduce the use of 
electricity in cold rolling.
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Further finishing processes
Pickling of steel involves the removal of oxides and scale from the surface through the 
action of dilute inorganic acids [McGannon 1971]. The role of the acid in this process has 
not been explored here. The exergy requirement is 0.08 GJ per tonne of steel.
Annealing is a type of heat treatment of the metal which improves the physical properties 
of the steel. The metal is heated in a chamber of inert air. Heating is provided by natural 
gas combustion and results in an exergy consumption of 0.94 GJ for each tonne of steel 
annealed.
Galvanising is a treatment which coats the steel with a thin layer o f zinc to protect it 
against corrosion. The zinc is applied in its molten state. The exergy consumption per 
tonne is 1.32 GJ. The quantity of zinc used is unspecified but is estimated to be so small 
as to be negligible in relation to the overall exergy consumption.
Table 3-8-1 summarises the exergy consumption in the EOF finishing process
Table 3-8-L Summary ofBOFfinishing processes [British Steel 1995]
Process Exergy consumption per tonne of steel (GJ)
Concast 1.11
Hot mill 2.80
Cold rolling 0.33
Pickling 0.08
Annealing 0.94
Galvanising 1.32
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Finishing from the electric arc furnace
The finishing of the steel from the electric arc furnace studied occurs in two separate 
mills. The bar mill produces steel bars, and the rod mill steel rods. Both are supplied by 
steel that has been continuously cast, and both have a reheat furnace for the hot rolling of 
the steel. The exergy consumption of these processes per tonne of steel is shown in Table 
3-8-2.
Table 3-8-2 Exergy consumption in EAFfinishing processes [Co-Steel 1996]
Process Exergy consumption per tonne of steel GJ
Concast 1.17
Rodmill 2.01
Earmill 1.51
The major difference from EOF finishing is that the exergy consumption in the reheat 
furnace is much less in the EAF finishing, because the EOF steel from the concast is of 
larger cross section and so requires more thermal energy to uniformly heat the slab as it 
takes time for the heat to diffuse into the centre. There may also be fundamental 
differences between the effectiveness of heat transfer in the furnaces given that the 
Co Steel furnace is modern relative to that at Llanwern.
9. Electricity production
Many of the exergetic inputs to the steel-making process are as electricity. Therefore, as 
we are trying to ascertain the total process exergy consumption due to steel use and are
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taking a life cycle approach, the exergy consumption in the generation of electricity has 
to be taken into account 
UK electricity production
The electricity used is primarily generated in the UK and arises from conventional coal- 
fired plants, combined-cycle gas turbine plants, nuclear plants and some hydro-electric 
and other renewable generators. The fuel and material inputs to electricity generation in 
the UK are taken from the PEMS life cycle database based on 1994. These are shown in 
Table 3-9-1.
So overall the exergy consumption per GJ of electricity produced in the UK is 1.66 GJ. 
This neglects the transmission losses in delivering this electricity to its point of use.
These transmission losses are dependent on distance and quantity demanded. On average 
these have been estimated as being about 10% of delivered electricity [Boustead 1979]. 
Therefore the total exergy consumption for each delivered unit of UK electricity is 1.79 
GJ.
The exergetic efficiency of the conventional coal fired power stations which dominate the 
generating mix is fairly low at around 30%. This is due to the large exergy destruction 
which occurs in the boiler as the chemical energy is converted to lower quality thermal 
energy at about 600 °C. This was illustrated in the power station example in the previous 
chapter. The new breed of CCGT power stations with the important addition of a topping 
cycle will increase this efficiency considerably.
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Table 3-9-1. Exergetic throughputs in UK electricity generation.
Flow Source Mass t Exergy GJ
INPUTS
Coal PEMS 0.061 1.65
OU PEMS 0.006 0.25
Gas PEMS 0.002 0.10
Nuclear fuel^^ PEMS - 0.58
Hydroelectricity PEMS N/A 0.07
Water PEMS 0.172 0.01
Air PEMS 0.145 0.00
Other PEMS 0.053 0.00
Total 0.439 2.67
OUTPUTS
S B iP E m s # #
!... 'O.OOA,..
IIO A fSO ïW O C # #M0.03*ÿiT %
T>EM& 0,170 ^ 0 .0 1 ,
m heU : '' ".PEMS" ’.0;05"r r'" o;oo ' ‘
Electricity PEMS 1.00
Total 1.13
Exergy 
destruction 
(inputs -  outputs)
1.54
Exergy 
consumption 
(inputs -  useful 
outputs)
1.67
NB: Shaded outputs indicate waste flows.
The electricity production from renewable energies is so small that no differentiation is 
made between them and other forms of electricity production. If there were significant 
inputs of hydro and wind power into the UK electricity grid, then because this exergy 
input arose from non-polluting and non-depletable sources it would have to be accounted 
for separately. This would put another criterion into the optimisation of systems whereby
The exergy of nuclear fuel used is calculated by assuming that nuclear energy can theoretically be 
converted directly into work with no second law limitations. Nuclear power station efifficiency is taken as 
42% based on the energy efficiency, so a total nuclear electricity output of 0.24 GJ requires 0.58 GJ of 
nuclear electricity.
127
the aim would be to reduce the exergy consumption of non-renewable, polluting inputs 
only. However this is unnecessary at present as the great majority of exergy inputs to the 
steel sector are non-renewable and polluting, so that the optimisation of this system is 
through the overall reduction of exergy consumption regardless of the origin of these 
inputs.
The intrinsic exergy consumption of UK electricity generation can be estimated from the 
assumption that the primary energy input is of high quality (P=l), whether it be nuclear 
fuel or fossil fuels and that this is converted to thermal energy of maximum 
temperature 800°C (p=0.55), implying a minimum intrinsic exergy consumption of 45% 
of the input exergy (see Chapter 2-3). So for every GJ of electricity produced a minimum 
of 1.8GJ of fuel exergy input are required, equivalent to an intrinsic exergy consumption 
of 0.8 GJ per GJ of electricity produced.
On site Electricity Generation (BFBOF only)
In addition to UK generated electricity, most integrated BFBOF plants use excess by­
product gases to generate steam and electricity for consumption in the plant. The primary 
product is the steam with electricity as the by-product. Natural gas and fuel oils are also 
used to ensure that sufficient steam is generated to satisfy demand in the plant. The flows 
of gases are given in Appendix C. The data for the plant comes from ISSB [1995] reports, 
which detail a boiler energy efficiency of 80%, and a ratio of steam energy to electrical
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energy produced of 4.7:1. The overall efficiency with which the energy of the fuels is 
transformed to energy in the steam and electricity is 55%. From this information the 
exergy flows in the process can be calculated. These are shown in Table 3-9-2.
The exergy efficiency is less than the energy efficiency because the exergy of the steam 
is lower than its energy. The low overall exergetic efficiency is due to the conversion of 
chemical exergy o f the fuels into lower quality thermal energy before conversion into 
electricity and high pressure steam. However the efficiency is much higher than would be 
the case if  the fuels had been used solely to raise steam without electricity generation 
(particularly as more electricity would then have to be imported to the steel plant to make 
up the shortfall).
The intrinsic exergy consumption of this method of steam and electricity production can 
be estimated by considering a process with a perfect boiler and 100% conversion of 
thermal exergy in the steam to electricity in the turbines. Thus 4.7 GJ energy of steam 
and 1 GJ energy of electricity are needed and this will be supplied by 5.7GJ of fuels. 
However, although the exergy of the fuels is approximately equal to 5.7GJ, the exergy of 
the products is only 4.1 GJ (3.1 GJ steam and IGJ electricity). Therefore there is an 
intrinsic exergy destruction from this method of 1.6GJ per GJ of electricity and 3. IGJ 
exergy of steam produced.
This only applies to single stage thermal electricity generators. Hydro-electricity does not have this 
limitation; its intrinsic exergy consumption is determined by mechanical friction effects only and is much 
less than that for thermal generation.
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Table 3-9-2 Energy and exergy flows in the on-site generation o f electricity (BFBOF 
route) per GJ o f electricity produced.
Flow Source Mass Exergy (GJ)
INPUTS 
By product gases BS Llanwern 2.1 7.16
Fuel oil and Natural gas BS Llanwern 0.04 1.83
Process air Est. 8.6 0.00
Other BS Llanwern 2.58 0.06
Total 13.2 9.11
OUTPUTS
:'W a^t#heaf& bm #
# 6 m o o :  . ' ‘ 
*0%0
Steam to rest of plant BS Llanwern 1.62 2.12
Electricity BS Llanwern 1.0
Total 13.2 3.12
Useful outputs 1.62 3.12
Exergy destruction 
(inputs -  outputs)
6.00
Exergy consumption 
(inputs -  useful outputs)
6.00
Efficiency (Useful outputs/total inputs) 34%
NB: Shaded outputs indicate waste flows.
lO.The EAF and BF-BOF steel production routes.
Bringing together the above processes enables the two different steel production routes to 
be considered as complete systems and compared on an equal basis as to the exergy 
consumption required to produce a tonne of finished steel. In order to compare the two 
routes fairly the finishing process for both methods was based on that of the BOF furnace 
producing 0.2, 0.3, 0.25, 0.25 tonnes of hot rolled coil, pickled, annealed and galvanised 
steel respectively. Electricity production was based on that produced in the UK and was 
included within the system boundary for both processes.
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BFBOF Steel Production
The flow diagram and exergy consumption of the entire BF-BOF steel production is 
shown in Figure 3-10-1.
Fig. 3-10-1. The BF-BOF steel production route. Exergy consumption figures fo r  each 
process are shown together with the percentages o f total exergy consumption in 
parentheses.
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Figure 3-10-2 Exergy consumption by process.
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One of the surprising results, given that steel production by this method is primarily a 
chemical process, is that one of the largest single areas of exergy consumption is in 
electricity production making up 21% of the total. This is due to the low overall exergetic 
efficiency of the UK mix of electricity generating power stations and the on-site power 
station. As explained earlier, the main area of exergy loss in electrical power generation 
in conventional steam-cycle power stations is in the boiler where the high exergy of the 
fuel is converted to thermal energy of a much lower exergy (about 60 % of the exergy of 
the fuel is lost if the water is heated to 500 °C although the energy efficiency could still 
be around 90%). Generally, a much more thermodynamically effective electricity 
generating process would use a ‘topping’ cycle as in the case of combined cycle gas 
turbines or would convert the chemical exergy directly to electricity without an
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intermediary thermal phase (e.g. fuel cells). This point is reinforced by comparing the 
thermal process of electricity generation with the blast furnace, which has a relatively 
high exergetic efficiency o f about 67% because chemical exergy is exchanged between 
the coke and the iron oxide, in a counter-current reactor, without a low temperature 
intermediate stage.
In all, the chemical processing from iron ore and coal at the steel plant gates to the 
production of liquid steel (including the generation of electricity) accounts for 77% of the 
exergy consumption. The exergy consumption in finishing the steel accounts for 19% of 
the total consumption; 80% of this occurs because the steel needs to be reheated in 
natural gas-fueled furnaces prior to hot rolling (equivalent to 3.0 GJ per tonne of finished 
steel or 14% of the total exergy consumption).
Those processes for which the avoidable and intrinsic exergy consumption could be 
calculated are shown in Fig 3-10-3. The total avoidable exergy consumption is 14GJ and 
the intrinsic 5.4GJ. Although the division depends on what is termed ‘intrinsic’ for each 
process as explained in earlier sections, it is obvious that all the processes except 
sintering have large avoidable losses. Avoidable losses are particularly large in the hot 
mill and the BOF. Thermodynamic improvement of these processes is likely to have 
greater rewards than perfecting the sintering process, for instance.
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Figure 3-10-5
Exergy consumption In BF-BOF steel production per tonne of finished steel
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Looking at the temperature profile of the processes in steel production as illustrated in 
Figure 3-10-4, the reasons for the large exergy consumption inherent in the system 
become apparent. Allowing the products of sintering, coking and continuous casting to 
cool results in a loss of exergy which has been explored in earlier sections. However 
looking at the system as a whole, it becomes evident that these temperature changes also 
necessitate increased exergy consumption in downstream processes as chemical exergy is 
used to reheat the same products. A much more efficient temperature profile would 
appear as in Figure 3-10-5 where the thermal energy from the cooling steel could also 
possibly be recuperated in order to pre-heat the incoming materials. This would lead to a 
large reduction in overall exergy consumption. Indeed the introduction of continuous
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casting and the current move towards direct hot feeding to the hot rolling mills and thin 
slab casting is part of the evolution towards a temperature profile more like that of Fig. 3- 
10-5. More general heat recovery and re-use between processes would also help
Figure 3-10-4. Illustrative temperature profile o f the BF-BOF steel production route
T°C
1600 °C
Coking Sintering BF BOF AnnealingConcast Hot
Figure 3-10-5. Illustrative temperature profile o f  better integrated steel production 
process
1600®C
Finished steelRaw material
Analysing the temperature profile and looking qualitatively at the second law efficiencies 
o f steel production has led Geskin [1988] to suggest how the BF-BOF steel production 
system should evolve. His suggestions include eliminating the sintering and coking 
processes as they are thermodynamically unnecessary and using inputs of powdered coal,
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iron ore and fluxes to produce the steel which is directly cast into near-final shape before 
final finishing of the still hot steel. This would avoid the need for reheating and would 
minimise exergy destruction. Although many o f the practicalities of designing such a 
process have still to be solved, his analysis does broadly set out the types of changes 
which will occur if the steel industiy is to become more energy efficient.
EAF Steel Production
Figure 3-10-6 shows the overall exergy consumption in the EAF steel production process 
and Figure 3-10-7 shows the breakdown by process.
Figure 3-10-6 EAF steel production route.
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Figure 3-10-7 Exergy consumption in EAF route by process
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Figure 3-10-8 Estimated intrinsic and avoidable exergy consumption, EAF per tonne o f  
finished steel
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The main feature emerging from the exergy analysis is the high exergetic cost of using 
electricity as a fuel. If the electricity was not included within the system boundary, then 
36% of the exergy consumption would not be accounted for. The demand for electricity 
could be substituted for, to some extent, by increased use of preheating with natural gas. 
However, electric arc heating has technical advantages (mainly temperature control and 
speed of heating) over gas heating which make total substitution unfeasible. In addition 
there exists the same discontinuity between continuous casting and hot rolling as in the 
BF-BOF case. The same solutions would apply here.
The intrinsic and avoidable exergy consumption of the EAF production route is shown in
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Figure 3-10-8. The overall exergy consumption is 11.6 GJ per tonne of finished steel. The 
main intrinsic exergy consumption is caused by the use of thermally generated electricity 
from chemical fuels. The reheating of steel in the hot mill is also responsible for some 
intrinsic exergy consumption. Overall though there is a large avoidable exergy 
consumption of 8.3 GJ, the causes of which have been detailed in earlier sections. The 
overall intrinsic exergy consumption per tonne of finished steel is 3.2 GJ.
Comparison
Overall, it can be seen that the production of steel in an electric arc furnace consumes 
59% of the exergy that is consumed in the basic oxygen furnace per tonne o f finished 
steel produced. Given that the role of the EAF route is simply to purify and re-form the 
steel with little chemical transformation of the material inputs, it is surprising that the 
exergy consumption is so high relative to the BFBOF which produces steel from ore.
This is mainly because it uses electricity as a fuel. The main exergy inputs and outputs 
for the two processes are summarised in Table 3-10-1. The main exergetic input to the 
EAF is the steel scrap with the remainder being supplied by fossil fuels (although it 
should be remembered that the exergy in the steel scrap has been provided by fossil fuels 
at an earlier stage). The BOF route is supplied with 92% of its exergy from fossil fuels 
with 5% coming from scrap inputs.
In the EAF route 58% and in the BOF 60% of the input exergy is destroyed through 
thermodynamic irreversibilities, while only 1% (0.2 GJ per tonne of steel) of the EAF
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exergy is retained in waste products^^. For the BOF this figure is 11% (3.13GJ per tonne 
of steel), substantially larger; this is linked to the fact that the BOF integrated steelworks 
produce more waste products than the EAF. The exergy in EAF wastes is mainly in the 
form of CO, VOC, and slags, the latter being the main pollutive problem of EAFs. The 
chemical exergy o f these slags has only been roughly estimated so they could be 
associated with significant waste exergy. For the BOF, the main exergetic waste outputs 
are shown in Table 3-10-2 together with the most significant processes of origin. These 
results show that the majority of the exergy inputs are destroyed within the processes 
through entropy generation, meaning that there is little scope for back-end recuperation 
or recycling of waste exergy, so that efforts to improve the thermodynamic performance 
of processes should focus on reducing irreversibilities.
This figure is slightly dependent on where the system boundaries for the processes are drawn particularly 
with regard to thermal exergy flows. As the assumption made in this analysis is that most thermal exergy 
flows to the environment are at environmental temperature when they cross the system boundary, they will appear as destroyed exergy rather than exergy in wastes.
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Table 3-10-1. Main exergetic inputs and outputs fo r  the production o f one tonne o f steel 
from  EAF and BOF using the BOFfinishing processes producing the same types o f steel.
EAF BOF
Material Exergy content 
GJ
% o f
total
Exergy content 
GJ
% o f
total
INPUTS
Coal 4.27 22.3 19.59 67.0
Natural gas 3.14 16.4 2.27 7.8
Fuel oil 1.27 6.6 5.04 17.2
Iron ore - 0.26 0.9
Steel scrap 7.51 39.2 1.46 5.0
Nuclear fuel 1.47 7.6 0.37 1.2
Hydro electricity 0.17 0.9 0.04 0.1
Other 1.25 6.7 0.19 0.6
Total 19.08 100 29.23 100
OUTPUTS
Steel 6.91 88.6 6.91 52.7
Scrap 0.57 7.3 0.57 4.3
Light oil - 0.19 1.4
Tar - 0.58 4.4
BF slag 0.40 3mm T
Total 7.68 100 13.11 100
Exergy destruction 
(inputs -  outputs)
11.4 16.12
Exergy 
consumption 
(inputs -  useful 
outputs)
11.56 19.37
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Table 3-10-2. Waste exergy emissions from the BOF steel production route per tonne o f 
steel produced.
Material % of total waste exergy Main processes of origin
Slags 22 Blast furnace and BOF
VOC 24 Blast furnace
CO 16 Sintering
C0 2 17 Blast furnace
Ammonia 22 Coking
In relation to the avoidable and intrinsic exergy consumption, for the BFBOF the 
avoidable exergy consumption is 72% of the total and for the EAF 74%. These are very 
similar and indicate that relative to the best that could be achieved with the particular 
method of production, the two production routes are characterised by similar 
thermodynamic performance. This would be related to the fact that both processes are 
relatively mature technologically.
11. Conclusion
This chapter has analysed the thermodynamic performance of the two methods of steel 
production currently in use in the UK. By using exergy analysis we have been able to see 
where the main thermodynamic losses occur and to identify the reasons for these losses. 
Including all the major processes linked to steel production e.g. electricity, oxygen and 
limestone production within the system boundary for each production process allows the 
processes to be compared on an equal basis. According to this analysis, the EAF process 
relying on scrap as its main material input consumes 11.6GJ of exergy, around 40% less 
than the BFBOF process which consumes 19.4 GJ producing steel from iron ore and coal. 
Both of these processes currently operate with substantial avoidable exergy consumption.
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suggesting that there is still much room for improvement in each method. Some of these 
options for improvement were examined earlier in this chapter.
In the next chapter we start to explore how the BOF and EAF processes fit into the steel 
production system and how they are inter-linked. However in order to look at the life 
cycle o f steel the processes of raw material mining, transportation, manufacture, use, and 
scrap recovery also need to be addressed. These are described in the next chapter.
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Chapter 4 : Exergy analysis of further processes within the steei 
sector and the simple steei life cycle.
144
1 .Introduction
This chapter describes the process units which make up the steel life cycle (as shown in 
Figure 2-7-2) other than those examined in the previous chapter, analyses the exergy 
throughputs to each process and calculates the exergy consumption. The processes are 
then linked together with those from the previous chapter to produce a simple life cycle 
of steel allowing a rough estimate of the total exergy consumption in providing steel for 
use in the UK to be made.
The method used is similar to that of the previous chapter. The sources o f the data are 
taken where possible from real-life industry data and as before are supplemented by 
published data.
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2. Iron Ore Mining
The aim of the iron ore mining industry is to obtain the most suitable ore for iron-making 
from the ground at the cheapest price. The first stage of this process, before mining can 
begin, is to locate and identify the size of ore deposit, the type of ore it contains, and the 
concentration of that ore.
Surveying
The preliminary investigation is done through aerial surveys looking at changes in the 
Earth’s magnetic field, and through looking at the surrounding geology of the area.
Large bodies of magnetic material i.e. ore bodies containing magnetite, will distort this 
field by a measurable amount. Once a likely candidate has been selected, drill samples 
are taken to identify the type of ore and its extent.
The size of the iron ore bodies found through such surveying is very large, and the energy 
used in the mining of the ore dwarfs the energy used in the initial location of the body so 
the surveying process will not be analysed any further in this project^
Mining
The size, location, depth and iron content of an iron ore body determines how it will be 
mined. The alternatives are either open-cast or underground mining and the choice rests 
primarily on how much earth needs to be moved before the iron deposit is exposed.
Open-cast mining is by far the most prevalent form of iron ore mining and is used when 
the ore body lies close to the surface. The overburden is removed leaving the ore body 
exposed. The mine grows larger and deeper as the iron ore is extracted, until the ore body
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is exhausted, or the mine can go no deeper for structural reasons. The mining method is 
to blast whole sections of iron-bearing rock and then to load about 1501 at a time into 
trucks which transport the rock to the primary crushing mill. As the mines can be several 
kilometres from the primary mill, the energy used by the trucks is significant in the 
overall energy useage at the mine. Open-cast provides the cheapest ore extraction and is 
used wherever possible. However, it carries the environmental disadvantage that it totally 
destroys the habitat above the ore deposit.
Underground mining, in contrast, has much less of an impact on the surface environment. 
Shafts are driven into the ground near to the iron ore body. Horizontal shafts then give 
access to the iron ore, which is cut away in sections and conveyed to the surface. It is, 
however, a much more expensive and labour intensive way of extracting iron ore. 
Underground mines are now only used when they are situated close by an iron-producing 
area, so that the saved transport costs make up for the extra ore extraction costs. However 
there are only a few examples of underground mining for iron ore; most o f them are in 
Western Europe where their proximity to steel producers means they can compete to a 
certain extent with open-cast mines further afield, or where there is a particularly high- 
quality deep ore body.
The iron producers require the mines to produce ores of consistent composition.
Therefore mines make efforts to blend their ores to the required specification. The price 
of an ore is dependent on various other factors in addition to the iron content or type of 
iron ore [Table 4-2-1]. These include: the mechanical strength of the ore, the presence of
^^ This might seem a trivial point, but in the case of some mineral e.g. gemstones, the surveying process can be a major energy input.
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impurities e.g. sulphur or copper; lime content (this is a bonus as it means less lime needs 
to be added in the blast furnace); and the content of silica, phosphorus, manganese and 
alumina.
Table 4-2-1 Iron compounds as they exist in the Earth's crust
Name of Ore Formula Iron
content
%
Haematite FczOs 69.9
Magnetite Fes <34 72.4
Limonite Fe20s. 3 H2 O -60
Ilmenite^" FeTiOs 36.8
Siderite FeCOs 48.2
Silicates^^ Various and 
complex
-
Sulphide
group
Fe$2 , FeS 46.6, 60.4
Beneficiation of ores
Beneficiation is the term used to describe the physical and chemical processes that the ore 
undergoes to make it a more desirable feed for the blast furnace. Here we look only at 
beneficiation which occurs at or near to the mine. Sintering, which technically is a form 
of beneficiation is included in the iron production stage of the life cycle as it happens on 
the same site as the blast furnace. The amount of beneficiation necessary in iron ore 
production is minimal in comparison to that for other ores such as copper and gold. The 
main steps are outlined below.
Crushing and screening- Conveyer belts and other material handling equipment can
20 Generally used as a source of titanium but iron is sometimes produced as a by product.
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only cope with lumps of ore below a certain size, so the larger lumps have to be crushed 
in mills. This also releases the iron bearing particles and improves the surface area to 
volume ratio which is essential for the blast furnace to function effectively. Size is 
selected by passing the ore over various screens. The ore is initially held to a varying 
degree within a matrix of gangue^^. As the ore is crushed, fine particles of ore and gangue 
are produced as well as lump ore of suitable size. These ‘fines’, as they are known, 
contain valuable amounts of iron and it can be economic to separate them from the 
gangue.
The physical aim of the crushing machinery is to put sufficient energy into the solid rock 
to create fracture surfaces (and to provide for any plastic deformation that might take 
place).
Concentrating processes- The mined rock contains iron ore particles (usually formed of 
compounds of one, or more, oxides -  see Table 4-2-1) mixed in with gangue. Therefore 
the iron content is determined by the amount of dilution of iron ore with other material as 
well as the iron content of the iron-bearing molecule. Concentration aims to increase the 
iron content by getting rid of the other material. This is done by using physical methods 
to preferentially select the iron bearing compounds. A few examples are listed in Table 4- 
2-2. The most common method in iron ore mining is heavy media separation.
The exergy change produced in the concentration of mixtures was looked at in Chapter 2 
Of limited importance as a source of iron.
Gangue is the worthless rock which is mixed in with the metal bearing compounds.
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where solid mixtures were approximated to ideal liquid solutions. Because the exergy of 
a mixture separated into its components is higher than that of the mixture there is a 
minimum exergy input required in the concentration process. This will be estimated in 
the analysis of iron ore concentration. However the deficiencies of the liquid solution 
model mean that the results are at best indicative.
Table 4-2-2. Types o f concentration process
Process name M ethod used
Washing Uses water to carry off the fine clays and sands, while the iron 
bearing particles of higher specific gravity sink to the bottom. 
Various screens are employed to maximise separation.
Jigging Alternating upward and downward jets of water separate the mixture 
of solids. Iron particles end up at the bottom, the gangue at the top.
Heavy
media separation
Uses water whose specific gravity has been increased by (suspending 
of solids in it) to lie between that of the iron and the gangue. The 
gangue floats and the iron sinks and is recovered.
Flotation Chemicals are added to water which increase the iron bearing 
particles’ affinity to air. Air is bubbled through the water and the fine 
iron ore particles are lifted to the surface.
Magnetic
separation
Applicable only to magnetite. It uses electromagnets to attract the 
magnetite from the gangue.
Agglomeration- Ores can also be agglomerated to make them more suitable materials for 
the blast furnace. They need to have the mechanical strength to avoid being crushed by 
the weight of the charge above them, they need a good surface area to volume ratio to 
give a greater area for reactions to take place, and should allow easy gas flow through the 
burden. Agglomeration also prevents the ore fines being blown out of the top of the blast 
furnace during iron-making. Table 4-2-3 summarises the main techniques.
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Table 4-2-3. Agglomeration methods
Process Method
Pelletising Iron ore fines are mixed with a binder and water in a rolling drum. The 
pellets are then baked to increase their hardness.
Nodulising The ore fines are melted and fuse together to produce nodules
Briquetting Ore fines are pressed together either cold, in which case a binder is needed; 
or hot. Hot ore briquetting makes briquettes of greater strength.
Exergetic Analysis
From an exergetic perspective, the aim of mining is to introduce sufficient exergy to 
separate the ore body from the surrounding rock i.e. to concentrate a fraction of this solid 
solution, and then to crush it to a size suitable for the production of steel.
The iron ore mining process model used in this study is based on the Sishen Iron Ore 
Mine in South Africa [Iscor 1997a]. This is an open-cast mine o f haematite ore with 1671 
Mt of reserves and is expected to have a further 28 years of life. The mine started 
producing iron ore in 1952 and is currently producing 24 Mt per annum. The composition 
of ore produced is shown in Table 4-2-4. The ore is blasted from the terraces in the mine 
and then passes through a series of four crushing and screening stages before separation 
from the gangue in heavy media separation plants. There is no on-site agglomeration of 
the ore. The fines which are suspended in water are sent to large settling ponds where the 
water evaporates off or is re-circulated. These fines are currently not recovered. Other 
waste material is stockpiled according to its average iron ore content. This is in the hope 
that some of the lower grades will become economical in the future. The pit is currently 
10km long, 1.5 km wide and is dug to a maximum depth of 375m.
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Table 4-2-4 . Estimate o f  the substances present in the Sishen iron ore output showing the 
total exergy content [Composition from  Iscor 1997a].
Substance Lump ore % 
by mass
Molar
fraction
(calculated)
Exergy
kJ/mol
Exergy in 
lump ore 
(excl. 
mixing) 
kJ
Mixing
exergy
term
(calculated 
= Xilnxi)
Exergy
including
mixing
kJ/mol
Exergy
MJ/kg^
95.4 0.900 16.5 14.84 -0.09 14.75
SiO? 3.2 0.079 7.9 0.63 -0 . 2 0 0.43
AI2O3 1.4 0 . 0 0 2 200.4 4.15 -0.08 4.07
Total
Exergy
19.12 0.127
^  Using Eq. 2-3-17 
Table 4-2-5 to 4-2-6 show the mass fractions and exergy values of the ore, the
beneficiated ore and the discard, based on data for the Sishen mine. The changes in
exergy due to mixing (xilnxi) are indicated and it is evident that the contribution of the
mixing terms is negligible. It can also be seen that in this case the saleable output has a
lower exergy value per tonne than the discard. This is due to the separation of the more
exergetic A I 2 O 3  into the discard. Table 4-2-7 shows the exergy throughputs in the mining
process.
152
Table4-2-5. Exergy o f unbeneficiated ore from deposit
Substance Lump 
ore % 
by mass
Molar
fraction
(calculated)
Exergy
kJ/mol
Exergy in 
ore excl. 
mixing 
kJ
Mixing
exergy
term
(calculated 
= Xjlnxi)
Exergy
including
mixing
kJ/mol
Exergy
MJ/kg$f
FeaOs 90.7 0.806 16.5 13.30 -0.17 13.13
SiOz 6.8 0.159 7.9 1.25 -0.29 0.96
AI2O3 2.5 0.035 200.4 6.99 -0.12 6.87
Total
Exergy
0.147
^  Using Eq, 2-3-17 
Table 4-2-6 Exergy o f discard
Substance Lump ore
%by
mass
Molar fraction 
(calculated)
Exergy
kJ/mol
Exergy in 
ore excl. 
mixing 
kJ
Mixing
exergy
term
(calculated 
= XilnXi)
Exergy
including
mixing
kJ/mol
Exergy
MJ/kgJ**
FezOs 0.719 0.519 16.5 8.57 -0.340 8.23
SiOz 0.212 0.402 7.9 3.17 -0.366 2.81
AlzOs 0.069 0.078 200.4 15.67 -0.199 15.47
Total
Exergy
0.227
^  Using Eq. 2-3-17
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Table 4-2-7 Mass, energy and exergy throughputs o f the Sishen Iron Ore Mine.
Material Mass (tonnes) Exergy (MJ)
Inputs
Rock from ore deposit 
(60% Fe)
1.25 184.2
Drilling 0.3
Blasting 0.289 kg explosive 
(NH4NO3)
1.06
Loading 2.1
Hauling 0.026 1 diesel 0.90
0.12e
Crushing 5.22
Beneficiation 15.2
Total 209.1
Outputs
Saleable iron ore 
(60% lump - 66% Fe, 
40% fine - 65% Fe )
1 127.5
t[@pmbuWoh^fo
Total 1.25 184
Change in exergy of 
rock (input rock -  ore 
and gangue outputs)
0.11
Exergy destruction 
(inputs -outputs)
24.8
Exergv consumotion 
(inputs -useful 
outputs)
81.6
NB: ‘e ' signifies electrical input, as distinct from chemical or fuel. Shaded outputs 
indicate wastes flows.
The largest exergetic input (184MJ/t) is the ore. Of this 57 MJ/t is discarded gangue and 
this forms the majority of the exergy consumption in the mining process. The other 
contributors to the consumption of exergy are the use of electricity and fuels. By 
separating the ore into one section rich in haematite and another rich in aluminâtes and 
silicates, some exergy is added to the product material and the discard resulting in a small 
overall exergy increase of 0.11 MJ per tonne of ore, corresponding to the reduction in 
entropy of the components which have been separated. This exergy is supplied to the ore
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in both the crushing and the heavy media separation stages. Overall this results in an 
exergy consumption of 81.6 MJ per tonne of ore delivered to the railhead.
For the purposes of this study, since the mixing exergy calculated by the ideal solution 
model of the solid is very small, and because this theory is in any case not exact, mixtures 
of other solids will be approximated to mechanical mixtures so that no mixing exergy 
will be considered for solids (unless otherwise indicated).
3.Coal Mining
Coal mining is in many ways similar to iron ore mining. The main differences are that 
coal is found in highly concentrated bands between layers of normal rock so that, by 
selective mining the need to beneficiate is minimised, so that coal mining does not 
generally include many beneficiation steps. As with iron ore, coal is mined either in 
underground mines or surface mines. Underground mining is usually used for coal bodies 
which lie over 60m deep or where there is excessive faulting or folding. These mines 
operating the longwall type of mining can extract up to 90% of the original coal in place; 
(in this method the overburden is allowed to collapse once the coal has been removed 
from the seam) [RJB Mining 1995]. Older methods had to leave up to 50% of the coal 
seam in place as pillars to support the roof of the mine. The coal is conveyed to the 
surface on belts and lifts.
In surface mining the overburden - up to 50 m deep - is removed and the seam is 
excavated, often by drag line. As economical coal seams are usually of the order of two 
to three metres thick, the ratio of overburden thickness to coal seam thickness is up to 
10:1. This ratio is often the determining factor in the economic feasibility o f surface
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mining. After the seam has been removed the overburden can be replaced and the land 
returned to its original use, but there is severe disruption to the surface environment 
during mining. Because the volume of coal removed per square meter of land is smaller 
than for iron ore mining, the land degradation is not so severe. Surface mining is much 
more productive than underground mining: in 1984 the average labourer produced about
1.6 tonnes/worker hour in underground mines, compared with almost 4 tonnes/ worker 
hour in surface mines [Hall et al. 1992].
Coal preparation- The raw coal ftom the mine face undergoes some cleaning and 
preparation, although less than in the case of iron ore. This is because the coal is 
extracted with very little gangue present. The initial preparation is to crush and screen the 
coal. Different sizes of coal are used for different purposes: coal dust for power stations; 
large lumps for domestic use; and intermediate granules for coking. There is some 
cleaning of coal to remove sulphur impurities, but the effectiveness of this process 
depends to a large extent on the way in which the sulphur is bound in the coal.
Exergetic Analysis
The exergy analysis of the mining process is based on the process material and energy 
requirements of the Hlobane colliery in South Africa [Iscor 1997b] which produces an 
anthracite coal used for coke-making through open-cast strip-mining. Unlike iron ore 
mining, the separation of the coal from the surrounding rock is not quantified in exergetic 
terms because the coal is in a separate seam underneath the overburden so that the two 
are not inter-mixed and almost no exergy is transfered to the product. The throughputs in 
Table 4-3-1 show that the main exergetic input is in the form of electricity and overall 
0.89 GJ of exergy are consumed per tonne of coal extracted.
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Table 4-3-1 Thermodynamic throughputs in coal mining (Shaded outputs are wastes).
Inputs Mass t Exergy
GJ
Electricity 0.820
Explosives 0.004
Petroleum 0.017
Diesel 0.044
Paraffin 0.003
Coal and rock* 2.62 27
Total 27.89
Outputs
% 6 1 #
Coal 1.00 27
Total 27.0
Exergy destruction 
(inputs-outputs)
0.89
Exergy consumption 
(inputs -useful outputs)
0.89
*Rock assumed to have zero exergy. 
NB: Shaded outputs are wastes.
The much higher exergy consumption for coal mining as opposed to iron ore mining 
arises from the fact that the yield (product/ total rock mined) for coal mining is only of 
the order of 40%, whereas that for iron ore mining was over 80%. In addition the scale of 
the iron ore mine is much larger exporting around 23 million tonnes per annum as 
opposed to 0.25 million tonnes from the Hlobane mine. This means that ancilliary energy 
requirements, activities such as water pumping, will have a proportionately larger 
significance for the coal mine. These two examples of mining indicate that there is a wide 
variation in the exergy consumption of mines, much of which is attributable to site 
specific conditions. This is corroborated in a study of uranium mines by Solberg- 
Johansen [1998]. It is therefore difficult to generalise about methods for reducing the
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exergy consumption of mines. It should also be borne in mind that errors will be 
introduced by assuming that all mining processes are alike when constructing the steel 
life cycle and that for a more accurate picture a more realistic ‘mixed-bag’ of mines 
should be used.
4. Transportation
The transportation of goods and materials occurs at many stages within the steel life 
cycle. The exergy consumptions of various methods of transportation are detailed in 
Table 4-4-1. These are primarily fossil fuel based and reliant mainly on the internal 
combustion engine. The reactions in an internal combustion engine are far from 
equilibrium and much of the thermal energy produced is radiated to the environment. In 
addition, in all current forms of transport using internal combustion engines, there is no 
attempt to recover the kinetic exergy when the vehicle slows; this is transformed to 
thermal energy and dissipated into the environment through the action of friction in the 
vehicle’s brakes. For a vehicle with no kinetic exergy recovery the minimum exergy 
destruction corresponds to the energy required to overcome friction plus the kinetic 
energy of the vehicle at cruising speed. The source for the energy data is ETH [1996]. 
This has been converted to exergy consumption by assuming that the energy is provided 
by fossil fuels and converting by multiplying by the corresponding (3 value (the ratio of 
exergy to enthalpy, shown in Table 2-3-2).
The most efficient form of bulk freight transport is transoceanic freighter, although its 
applicability is dependent on geography and speed requirements.
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Table 4-4-1 Exergy consumption in transportation. Calculatedfrom ETH [1996] data.
Transport mode Exergy consumption 
per tonne-km MJ
Family car 4.3
161 truck 3.0
28 t truck 2.6
> 4 0 1 truck 1.3
Train (80% electric, 20 % 
diesel)^^
0.51
Inland barge 0.54
Transoceanic ship 0.10
S.Steel good manufacture
Steel is used in such a large variety of goods that to describe them all would involve 
describing a large proportion of the products of the entire economy. Some steel goods 
will not go through a manufacturing stage at all, going directly from the steel plant into 
use (e.g. steel for reinforcing) and the degree to which there is a discrete manufacturing 
step will vary from product to product. However some general observations can be made.
Steel production, especially that from BOFs, is centralised, currently occurring in only 
eight distinct sites in the UK. Manufacture, on the other hand, occurs throughout the 
country on very different scales; it is very dispersed. Transport of the steel to the 
manufacturing plants is therefore likely to play a role in the overall energy consumption 
of this stage of the life cycle.
The steel will also generally require some further shaping and cutting. Any offcuts will
This excludes the exergy consumption in electricity generation.
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be resold as scrap. This ‘process scrap’ is o f known composition and so is highly valued 
as an input to the steel making process. Steel will often be mixed with other materials, 
such as paint for structural beams, or a multitude of other substances in car manufacture. 
This mixing can occur through the object having separate components made out of 
different materials; or it could result from a physical coating of the steel by another 
chemical. Tinplate steel for packaging, where the steel is coated in a very thin layer of tin 
to prevent corrosion, is an example o f the latter. The amount of mixing and ease of 
separation of the steel from the other components is crucial in determining the quality of 
the recycled metal after use.
The material and energy requirements of the manufacture stage are very dependent on the 
type of good being produced. Simple reshaping and fixing of the steel, e.g. for bridge 
building, will require relatively little extra in the form of energy and materials; car 
manufacture on the other hand requires substantial reforming and mixing with other 
substances and components. The exergy requirements of manufacture are likely to be 
higher in the latter case.
For the purposes of this project however the exergy consumption within manufacture is 
not considered, principally because it is not thought to be very significant in comparison 
to the inputs from other processes and also because of the difficulty in gathering data on 
the many disparate manufacturing processes. Therefore the manufacturing process is 
assumed: to have a constant unchanging exergy consumption, not affecting the structure
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of the rest of the system; and to produce 15% of process scrap [Chapman & Roberts 
1983] for each tonne of material which enters the manufacturing stage.
6. Use
The use stage is where the steel goods carry out their purpose in providing services to 
society. There are many different types of steel good, serving all sectors of the economy 
[Figure 4-6-1]. Therefore, it is difficult to produce a model quantifying the exergy 
consumption of all these steel goods. Instead a simple, generic model is used which 
describes the common factors of the use of steel goods. This is detailed below.
Figure 4-6-1. Main UK markets - Steel industry products in 1994[Bispa 1996]
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in d u ^ ie s  stamping 
Wire drawing 7% Bectricai
Other industries 
9%
Mechanical eng. 
16%
engineering 
5%
Motor vehicles 
16%
Metal g o o d S ^ ^ ^ ^ p ^ ^ '  Construction 
8% Packaging 20%
7%
Steel is not in itself consumed to a significant extent in the ‘use’ stage. Very small 
amounts will rust [Table 4-6-1] and revert back to iron oxide, but it is often for reasons 
other than the corrosion or fatigue of the metal that its useful life in that product finishes. 
More generally, the bulk of the steel maintains its composition and integrity but loses its
1 6 1
shape; or it is for reasons relating to the obsolescence of the product itself that the steel’s 
useful life ends. Therefore we can safely assume that there is little destruction of the 
chemical exergy o f the steel during the use phase. However, at the end of the life of the 
steel-containing good, the steel is either reused in the economy (through reuse, 
remanufacture, or recycling) or it is disposed of. The latter situation produces waste 
exergy as the chemical exergy in the steel leaves the economic system. Thus one of the 
results of the use phase is to divide the steel entering into waste and product; its product 
being steel scrap for reuse.
Table 4-6-1. Rates o f  rusting o f non-coated carbon steel [Materials Encyclopaedia 
1981].
Climate Geographic
location
Depth of corrosion of exposed surfaces per 
annum p-m
Rural, very dry Khartoum, Sudan 3
Rural,
temperate
Godalming, UK 48
Urban,
temperate
Motherwell, UK 97
Marine,
tropical
Lagos, Nigeria 619
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Table 4-6-2 Estimation o f steel-good lifetime 1994
Type of product % by mass of total 
[ISSB 1995]
Estimated lifetime
Wire manufacture 24.9 10
Forging 7.3 25
Packaging 12.5 2
Other small metal 
goods
5.0 15
Appliances and 
electrical goods
3.8 7
Mechanical 
engineering equip.
5.3 10
Construction 14.9 30
Motor vehicles 10.9 7
Gas, coal, water 
industries
3.8 25
Other 11.6 10
Total 100 Weighted average lifetime =14 years
One other important aspect of steel good use is the amount of time the steel resides in the 
use stage. This is very dependent on the types of steel good used in the economy. The 
average life-span has been calculated to be 14 years (Table 4-6-2) which concurs with 
previous estimates of about 10-15 years [OU 1979]. Figure 4-6-2 shows how the steel 
good lifetime has been estimated to have changed over the past forty years. The use phase 
also introduces a time delay into the life cycle so that, at any one time, the amount of 
steel leaving the use phase is not necessarily equal to the amount entering.
163
Figure 4-6-2. Estimation o f historic lifetime o f goods from steel produced in the UK (NB 
this does not include imports o f goods going to UK use). (Calculations based on data 
from  ISSB [1974-1994]).
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During use the steel-containing good can consume large amounts of exergy, especially in 
the transportation sector. A simple, order of magnitude, calculation for a car containing 
about 500 kg of steel (produced from raw materials, process energy ; 20MJ/kg [Boustead 
1979]) with a life of 50,000 miles, with a fuel efficiency of ~ 4MJ/mile, reveals that the 
energy used during the car’s life is of the order of 20 times that used in the manufacture 
of the steel. Other uses for steel-containing goods need no energy in their use, for 
instance construction steel in bridges. These huge disparities in how the steel is used 
present a problem for this project, for there is no single ‘life cycle for steel’, but many life 
cycles linked to the use of different goods and the different services they provide. Ideally 
one would look individually at the life cycles of all the goods in this sector. However this 
is beyond the scope of this project, instead the exergy consumption in the use stage will
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be taken as a given, unchanging quantity which does not need be included. Therefore the 
exergy consumption due to the use of steel goods is omitted. Even so, the use phase will 
influence the overall exergy consumption of the steel sector in three ways;
1) It will act as a reservoir for steel during the goods’ lifetime
2) It will result in the division of the steel entering into useful product - steel scrap - and 
waste. The amount of exergy contained in this waste will determine the exergy 
consumption of the use phase.
3) It will determine the absolute demand for steel in the steel sector, acting as the driver 
o f the whole steel life cycle.
7. Scrap reprocessing
The recycling and reuse of steel scrap has long been an integral part of the steel life cycle. 
There are three different types of scrap: home, prompt and post-use scrap. These are 
shown in Figure 4-7-1.
Figure 4-7-1 Origin o f different types o f  steel scrap.
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Home scrap is generated at the steel plant itself from offcuts and rejects and is recycled at 
the same plant being introduced back into the EOF or EAF. Therefore there is no 
reprocessing and insignificant transportation associated with the recycling of home scrap. 
However, per tonne of steel dehvered to manufacture there is an increased overall exergy 
consumption in generating large amounts of home scrap in the steelmaking processes 
because more crude steel has to be produced per tonne of saleable output, so the aim 
should be to reduce home scrap generation as far as possible.
Prompt scrap is produced in the manufacturing stage, again as offcuts or rejects during 
the transformation of the finished steel into service-providing goods. In contrast to home 
scrap, prompt scrap arises away from the steel plants and requires some transportation to 
return it to be reprocessed into finished steel. There are established links between the 
steel producers and steel good manufacturers which mean that close to 100% of prompt 
scrap is recycled. Similarly to home scrap, it is desirable to reduce the amount of prompt 
scrap produced because it is steel which has not provided any service to consumers and 
simply causes the volume of steel which needs to be produced and processed to be larger 
per tonne of metal delivered to consumers. The estimate for the transport exergy 
consumption in returning one tonne of prompt scrap to the steel producers is (for 100 km 
rail transport) 50MJ.
Post-use scrap is the steel which is contained in obsolete goods which have reached the 
end of their service-providing life. This steel is generally widely dispersed
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geographically, is contaminated with other materials and is often in a physical form unfit 
for introduction to a furnace. Typical examples of post-use scrap include old cars, 
construction beams from demolished buildings as well as smaller products such as food 
containers (tins). As the types of products are so diverse it is difficult to describe 
accurately all the different post-use recycling routes and so a specific process model is 
used to estimate the exergy consumption of recycling at current recycling rates. The 
recycling process used is based on information from Mayer Parry [1997]. The steel is 
assumed to travel from the last user of the steel good to a stockyard 30km distant by 
small truck, then on to the steel shredder by 40t truck for 60km, followed by a 100km 
train journey to the steel plant. This is summarised in Table 4-7-1.
Table 4-7-lExergy consumption in post-use scrap recycling [Mayer Parry 1997].
Exergy
consumption for 
transport of one 
tonne post-use 
scrap
Transport to 
scrapyard
Transport to 
shredder
Exergy
consumption
in
reprocessing*
Transport to 
steelplant
Total
Exergy
consumption MJ
90 78 240 51 460
*-includes electricity generation.
8. Open Hearth Steel Production
The open hearth (OH) method of steel production was prominent before being superseded 
by the BOF method in the 1970’s. However because the history of the steel sector will be 
examined in later chapters, the exergy consumption of this process has to be examined. 
The data is taken from the literature as no OH plants are still operational in the UK. The
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OH process produces steel in a batch process from a variable mixture of liquid pig iron 
from the blast furnace and iron and steel scrap. The OH process considered here has a 
mix of 35% scrap and 65% molten iron by mass as inputs. The other main inputs to the 
open hearth process itself are shown in Table 4-8-1. This shows that the exergy 
consumption in the open hearth process is 6.0 GJ.
The open hearth process is only part of the total steel production process, which includes 
the blast furnace and finishing processes as detailed in the previous chapter. The overall 
relationship between these processes is shown in Figure 4-8-1. Including these allows the 
calculation of the total exergy consumption for the production of one tonne of finished 
steel by the open hearth route.
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Table 4-8-1 Exergy consumption in the open hearth process [Brown 1986].
Mass (t) Exergy (GJ)
Incuts
Pig iron 0.67 5.7
Thermal energy of pig iron 0.4
Scrap 0.37 2.5
Iron ore 0.07 0.0
Limestone 0.07 0.0
Air 3.67 0.0
Fuel oil - 4.6
Electricity 0.15
Total 4.8 13.5
OutDUtS
} ;m )Â 7 . m . :
ittSil : ■ ' r : ' # " ' '
Other 0.6
Molten steel 1.0 6.9
Thermal energy of steel 0.9
Total 8.66
Exergy destruction 
(inputs -outputs)
4.79
Exergv consumotion 
(inputs-useful outputs)
5.56
NB: Shaded outputs are wastes
169
Figure 4-8-1 Exergy consumption in steel production using the open hearth furnace
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Thus the total exergy consumption is 21.2 GJ, considerably more than the BFBOF (19.4 
GJ) and EAF (11.6 GJ) steel production routes. This difference arises principally from 
the difference between the exergy consumption of the OH process itself and that of the 
BOF, which consume 5.6GJ and 1.4GJ of exergy respectively. The BOF is more efficient 
in its use of the chemical energy within the pig iron and uses the exothermic reactions of 
the carbon oxidation to melt the scrap. The OH however has to use additional 
hydrocarbon fuels to melt the scrap leading to the higher overall exergy consumption per 
tonne of finished steel produced.
170
9. Cast iron production
Cast iron production has historically formed an important part of the iron and steel sector 
of the UK. Cast iron is still produced, although its share of the market has dechned 
considerably in the face of competition from steel. The cast iron production process takes 
virgin (solid) iron and iron and steel scrap and re-melts it before casting. The re-melting 
occurs in the cupola. This is a smaller version of the blast furnace fuelled by coke, which 
produces batches of molten iron which are poured into casts. Data detailing these mass 
flows comes from Elliot [1988].
Table 4-9-1 Exergy flows in the cast iron cupola.
Mass (t) Exergy (GJ)
Innuts
Limestone 0.04 0.0
Coke 0.145 4.6
Pig iron 0.172 1.5
Scrap 1.151 7.9
Total 1.51 14.0
Outputs
; ' P i i g © i | ' g a s ' ...
Slag
Home scrap 0.15 1.0
Cast iron production 1 8.5
Total 9.66
Exergy destruction 
(inputs -outputs)
4.36
Exersv consumotion 
(inputs -useful outputs)
4.43
NB: Shaded outputs are wastes
The total exergy consumption in cast iron production is calculated according to the 
exergy consumption and mass flows of the processes in Figure 4-9-1 to be 7.3 GJ.
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Figure 4-9-1 Exergy consumption in cast iron production
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10. other methods of steel production: COREX and Direct Reduction.
The technology used for the production of steel is continuously changing as new methods 
are developed. This section describes two methods of production which are thought hkely 
to eventually displace some of the market share held by the current BFBOF and EAF 
steel technologies and outlines their likely impact on the exergy consumption in steel 
production. These processes are the COREX process developed by Vo est Alpine and the 
production of direct-reduced (DR) iron.
The COREX process is a direct smelting process producing liquid iron, which avoids the 
need for coke ovens or coking coal in the steel production process. There are other 
possible methods of direct smelting being developed around the world (e.g. cyclone 
converter furnace, direct iron ore smelting process, EQsmelt and Romelt), but to date, 
COREX is the only one to have been commercialised. The COREX process uses coal and 
lump iron ore as the direct inputs to the process. It is a two stage process using gas
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derived from the coal input to reduce the iron ore in the reduction shaft, and the heat of 
combustion of the coal and gas with pure oxygen to melt the iron in the melter-gasifier. 
The COREX process is a net producer of gas which is exported for other uses.
The main advantages of the COREX process are that it has much lower emissions of SO2 , 
NO2 , dust and C0 2 than the conventional blast furnace route as shown in Figure 4-10-2 
[ISCOR 1997]. Economically it benefits from the reduced cost of steam coal relative to 
the coking coal used in the blast furnace and has no need for coke ovens. The COREX 
plant is also smaller, leading to predictions of lower investment costs compared to the 
blast furnace route. No precise details were available of the energy consumption of the 
COREX plant, although these would appear to be somewhat lower than for the blast 
furnace route, given the lower CO2 emissions. It would follow that the exergy 
consumption per tonne of finished steel would also be slightly lower than for the current 
BFBOF method o f steel production, however this cannot be accurately quantified without 
detailed process information.
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Figure 4-10-2 Emissions from the COREX process relative to the conventional BF-route 
[ISCOR 1997c].
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Direct reduction (DR) is a process which also avoids the need to make coke [UNEP 
1997]. DR processes have been operating since the 1950s, and currently produce 30 
million tonnes annually. DR produces solid sponge iron from ore using reformed natural 
gas or coal as the reducing agents. This sponge iron is then usually melted in an EAF to 
produce finished steel. The principal difference between this and the smelting process is 
that the iron does not melt in the DR process. The sponge iron is seen as an impurity free- 
substitute for scrap in the EAF rather than a competitor for blast furnace iron, and is a
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means for iron ore producers to provide raw materials for the EAF sector. No detailed 
information has been found regarding the energy requirements of direct reduction, 
however it is apparent that substituting sponge iron for steel scrap will lead to an increase 
in the overall exergy consumption of EAF steel. However it is unclear whether DR-EAF 
steel will have a lower exergy consumption than BFBOF steel.
For both these processes the penetration into the steel market is likely to be fairly slow. 
This is because world steel demand is smaller than production capacity, meaning there is 
already over investment in the industry, acting to reduce the rate of investment in new 
technologies. There is also an incentive to continue to use the BFBOF method of steel 
production until these require replacement to maximise the return on investment. This 
momentum means that the COREX and DR processes will only slowly replace current 
methods of production. Therefore these processes will not be considered further in this 
study.
"t"11. The simple steel fife cycle
Bringing together the process stages described above and those from previous chapters, 
one can build up a simple representation of the flows of exergy associated with the life 
cycle of steel. Figure 4-11-1 illustrates the life cycle. As for all current representations of 
life cycles this is assumed to be a steady state system with no significant sources or sinks. 
The effect of the use phase as a reservoir is therefore not taken into account. Trade in 
steel, goods and scrap is also assumed to be zero.
The life cycle is loosely based on the situation in the UK in 1994. The raw materials for
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See Michaelis et al. [1998]
Steel are mined in proportion to the amounts required in steel production. This steel 
production is by BFBOF (75% by mass) and EAF (25% by mass). These supply 1.18 t 
finished steel to product manufacture, which generates 0.18t prompt scrap (assuming a 
prompt scrap ratio of 15%) and It steel product to use. The model o f UK steel production 
therefore uses the BF-BOF and EAF previously analysed in these proportions. In reality, 
of course, all UK steel plants will not conform exactly to these two plants, but for the 
purposes of this study the approximation is adequate.
Transportation exergy consumption was not considered in this model but will be 
examined in later chapters.
In this simple life cycle the amount of steel leaving the ‘use’ phase is assumed to be one 
tonne for every tonne of steel input. The data on the steel industry in the UK details the 
amount of scrap consumed (0.42t per tonne of steel to use) and the amount of scrap 
exported (0.26t per tonne of steel to use). Prompt scrap is estimated to be 0 .18t per tonne 
of steel to use so post-use scrap must make up the remainder of the scrap supply i. e.
0.24t. So the total amount of post-use scrap recovered from obsolete steel goods is 0.5t 
per tonne o f steel to use. If the real system was steady state with no sources or sinks and 
steel demand was constant, as in this steady state model, then the amount of steel going to 
waste would be 0.5t per tonne of steel to use. The steel going to waste represents an 
outflow of waste exergy from the system equal to the chemical exergy contained in the 
steel. Thus per tonne of steel going to use 3.45GJ of exergy leaves the system as waste
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Steel. This has to be included in the overall calculation of the exergy consumption.
The scrap export of 0.26t of steel counts as an export of exergy from the system, a useful 
output. Therefore this exergy is subtracted from the rest of the exergy consumption of the 
system.
This estimate of the amount of steel in waste is a rough estimate only because;
i) The demand for steel varies over time and there is a time delay as the steel goods are 
used. Therefore, as noted earlier in this chapter, the amount of steel emerging from the 
use stage is not equal to the amount entering.
ii) Some steel is sunk in the use stage for very long periods of time, for example as 
bridges and buildings. This means that the amount of steel leaving the use stage is likely 
to be different tothe amount entering.
In view of this the model for the steel life cycle should not be taken as entirely 
representative of the UK steel sector until the amount of waste steel has been identified 
more accurately. In addition this model fails to take into account the global nature of the 
steel sector and the fact that there is considerable trade in steel, steel goods and scrap.
The transport stages between processes are also not considered. In chapter 6 we examine 
a more complex system which better represents the UK steel sector, but this simple 
model serves to illustrate important aspects o f both exergy analysis itself, and also of the 
UK steel sector.
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Figure 4-1 FI.The simple life cycle o f steel. Numbers indicate the mass flows from  the 
processes.
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Table 4-11-1 Exergy consumption in the steel life cycle
Process Mass flow t Specific exergy 
consumption 
(GJ/t or MJ/t km)
Total for steel life cycle 
(GJ/t steel to use)
Iron ore mining 0.88 0.08 0.07
Coking coal 
mining
0.51 0.89 0.42
BF-BOF steel 
production
0.88 19.4 16.6
EAF steel 
production
0.29 11.6 3.4
Steel good 
manufacture
1.18 N/A
Steel good use 1.00 6.91 3.45 (steel to waste)
Scrap leaving 
system
0.26 6.91 -1.8
Other 0.11
Total 22.1
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Figure 4-11-2 Exergy consumption in simple steel life cycle (omitting scrap exports).
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Despite the omissions from the model there are some interesting conclusions which can 
be drawn from the results. Overall, the delivery of one tonne of steel to use requires the 
consumption of 22.1 GJ of exergy [Table 4-11-1]. This is the amount of high quality 
energy (derived almost entirely from non-renewable resources) which is irrevocably lost 
from the economic system due to steel use. It can also be seen from Fig. 4-11-2 that the 
life cycle exergy consumption is dominated by the BF-BOF steel production process with 
the EAF and steel going to waste also contributing a significant percentage.
As discussed in chapter 2 the aim of this project is to examine ways of reducing the 
overall exergy consumption. These will considered in detail in later chapters, but one
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obvious conclusion at this stage is that increasing the recycling rate^ "^  in this model would 
lead to a reduction in the exergy consumption due both to reduced exergy consumption in 
steel production, and through the reduction in the amount of exergy in the steel waste 
leaving the system. As an indicative figure, increasing the EAF proportion to 50% of 
steel production, all other things being equal, would lead to a total exergy consumption 
figure of around 19 GJ/tonne of steel delivered to manufacture. This would amount to a 
2 GJ/tonne (10%) saving on the current estimated consumption. The limitations of this 
model in representing the UK steel sector mean that this figure is not very reliable. It 
does however demonstrate that, even if the processes themselves which make up the 
steel life cycle remain the same, changing the system by varying the mass flows through 
different processes can produce savings in exergy consumption.
12. Conclusion
This chapter has looked at the exergetic flows through the main processes which make up 
the steel life cycle. Possible thermodynamic improvements to individual processes have 
been suggested and the reasons for the thermodynamic inefficiencies explained. These 
individual processes were brought together into steel production systems and then finally 
into a steel life cycle based on the UK in 1994. The results show that there are options to 
improve the thermodynamic performance of the steel sector at all levels. This would lead 
to a decrease in the overall exergy consumption and therefore a reduction in the resource 
depletion, and pollutive emissions from the steel sector.
This applies at current recycling rates, but cannot be generalised to very high recycling rates where the 
increased transport and reprocessing exergy consumption of post-use scrap recycling might negate 
reductions in the exergy consumption of steel production.
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The next chapter will assess whether the use of exergy as a method of quantifying the 
thermodynamic performance of the steel sector has been justified and whether it provides 
greater insight into process optimisation. Chapters 6 & 7 will develop the model of the 
steel sector further with the aim of identifying methods of reducing the overall exergy 
consumption.
181
Chapter 5 : The Benefits of Exergy Analysis in its Application to
the UK Steel Sector.
T h e law that entropy increases -  the second law of thermodynamics -  holds, I 
think, the supreme position among the laws of Nature. If som eone points out to 
you that your pet theory of the universe is in disagreement with Maxwell’s 
equations -  then so much the worse for Maxwell’s equations. If it is found to be 
contradicted by observation -  well, these experimentalists do bungle things 
sometimes. But if your theory is found to be against the second law of 
thermodynamics I can give you no hope; there is nothing for it but to collapse in 
deepest humiliation.’ -  A.S. Eddington, The Nature o f  the Physical Worlds 1974.
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11. Introduction
In Chapter 2 we identified the main differences between energy and exergy analysis and 
how these should make exergy analysis a better tool for the analysis of systems with 
chemical and thermal flows. This was due to exergy containing an entropy term which 
adds a thermodynamic quality factor to these types of flow. In addition, exergy is 
measured relative to a reference system which reflects the system’s environment. In this 
chapter we will use examples from the foregoing chapters to illustrate where differences 
occur between energy and exergy analysis and what the reasons are for these differences. 
Then generalised rules will be drawn from these examples to show where exergy analysis 
is useful and also where no differences will emerge between the types of analysis in the 
context of the UK steel sector.
2. Types of energy anaiysis
Two methods of energy analysis have been chosen here, for application to the processes 
in the UK steel sector and comparison with exergy analysis. The energy analysis methods 
will be briefly described here. The differences between the two arise from which flows of 
energy are accounted for. The first is a common form of energy analysis (hereafter 
referred to as Energy 1) used in LCA [ETH 1996, PEMS1996], and suggested in the 
EFIAS Proceedings [1974]^^ which sought to standardise energy analysis methodology. It
Although the IFIAS (1974) guidelines do not exclude the inclusion of energy found in materials in the 
analysis, they do not consider it explicitly and confine energy inputs and outputs to those found in fuels.
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has since been used in many studies, such as the Annual UK Energy Statistics [e.g. DTI 
1997], and in most other energy analyses o f economic systems. This method accounts for 
all the energy in the fuels supplied to a process per functional unit. Material inputs are 
accounted for separately according to their mass only. Outputs are also measured 
according to their mass if they are materials, or energy content if they are fuels or pure 
energy flows (e.g. electrical energy or thermal energy flows a power station). Thus the 
chemical energy within the materials is not accounted for either as inputs or outputs.
The second form of energy analysis follows the method used by Szargut (1988). This 
method (Energy 2) follows the same accounting system used in exergy analysis. It 
quantifies all the energy inputs and outputs to/from the process of both materials and 
fuels according to their enthalpy o f devaluation (introduced in Chapter 2). This method is 
not widely used, but must be compared with exergy analysis in order to identify 
differences which arise due to variations other than in accounting methods.
In the preceding exergy analyses, the main measure of performance was the exergy 
consumption. The equivalent in terms of the energy analyses described above is termed 
energy consumption. However it should be remembered that the energy is not actually 
consumed, it is transformed into less useful forms. The measures of energy consumption 
(both Energy 1 and Energy 2) account for this transformation. The Energy 1 consumption 
is the difference between the energy of the fuel inputs and the fuel outputs. It does not 
take account of any energy contained in material throughputs. The Energy 2 consumption 
is the difference between energy in all the inputs (material and fuel) and the energy in all
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the useful outputs, both material and fuel. Energy efficiency measures relating the 
amount of useful output relative to the total input are also used. The Energy 1 efficiency 
is the ratio of the energy in the useful fuel outputs to the energy in the total fuel inputs; 
the Energy 2 efficiency is the ratio of the total energy in the useful outputs to the total 
energy inputs. Figure 5-2-1 and Table 5-2-1 show how each form of energy analysis and 
exergy analysis are performed on the same process.
Figure 5-2-1 Generic process with materials and fuel inputs and outputs.
H-Fin> Spin
Process
H poutj Gpin
H-Moutj SMout
H w (M) out, Sw(M)out
H w (F) out, SW(F)out
where H, s are the enthalpy and exergy of the flows; F, M refer to fuels or materials; 
W(M) and W(F) to waste materials and fuels, and /«, out to inputs or outputs 
respectively.
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Table 5-2-1 Energy analysis (1 &2) and exergy analysis fo r process in Figure 5-2-1
Thermodynamic
performance
indicator
Energy 1 analysis Energy 2 analysis Exergy analysis
Inputs/unit product Hpin Hpin+HMin SFin"^ SMin
Useful outputs Hpout Upout'^HMout Gpouf^ GMout
Waste outputs H w(F) out H w(F) out+ H w(M) out SwfF)out+s wOvnout
Destruction (SFin+SMin )" 
(Spout’^ SMout'  ^EW(F)out 
+SWfM')out)
Consumption Hpin " Hpout (Hpin+HMin) - 
(HpoufbHMout)
(£Fin"^ £Min) " 
(spout'^SMout)
Efficiency Hpout/ Hpin (Hpout'bHMout) /  
(Hpin+HMin)
(SFout"^SMout) / 
(ePin+SMin)
The term ‘consumption’ is used for all three analyses for ease of reference in the 
following sections because in each case it represents what the process ‘uses up’ according 
to the particular method of analysis. However, the distinct meanings o f ‘consumption’ 
are:
Energy 1 : Net energy input in fuels
Energy 2: Energy transformed to waste
Exergy: Exergy destruction plus exergy transformed to waste.
3. Comparison of energy and exergy anaiyses of the steei iife cycie
These three types of analysis are applied to the main processes within steel production 
(EAF and BFBOF), to each entire steel production route and then to the steel life cycle. 
Looking first at the processes, the difference between the energy and exergy 
consumptions for each process in the BFBOF are shown in Figure 5-3-1. These show that
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some processes show large differences in the consumption measured by each method, 
while others produce similar results. Each process is assessed individually below.
Figure 5-3-1 Comparison o f energy and exergy consumption o f processes in BFBOF 
steel production normalised to one unit o f output from each process.
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Sintering
The energy and exergy throughputs to the sintering process are shown in Table 5-3-1.
The main energy input is the coke breeze which dominates the overall input energy. This 
breeze is considered a fuel. On the output side the sinter has very low energy and exergy 
content relative to the coke breeze input, because most of the energy input is dissipated in 
the combustion of the coke to provide the heat to fuse the iron ore together and to calcine
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the limestone. Therefore the energy in the fiiel inputs (Energy 1 consumption) is very 
similar to the energy inputs minus the useful energy outputs (Energy 2 consumption).
The difference between the Energy 2 consumption and the Exergy consumption is mainly 
due to the ratio of exergy to energy, or p value, for the coke. As this is 1.06 [Szargut et al. 
1988] and the difference between the energy and exergy content of the sinter output is 
small, there is Httle difference between the Energy 2 consumption and the Exergy 
consumption.
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Table 5-3-1 Main energy and exergy throughputs o f sintering per tonne o f sinter
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Coke breeze 1.35 1.35 1.42
Elecfricity 0.13 0.13 0.13
Natural gas 0.09 0.09 0.09
Materials Iron ore N/A 0.13 0.22
Iron sinter 
dust
N/A 0.02 0.03
Iron sinter 
undersize
N/A 0.00 0.01
Limestone N/A 0 0.01
Water N/A 0 0.09
Outputs
Wastes CO2 N/A
Water N/A 0.00 0.00
Other N/A 0.24 0.24
Useful products Iron sinter 
undersize
N/A 0.02 0.03
Iron sinter 
dust
mm 0.00 0.01
Iron sinter mm 0.15 0.23
Water
(returned)
mm 0 0.08
Inputs -  Outputs 1.57 1.30 1.34
-jl^onsum^jic^
Coking
The energy and exergy throughputs of coking are shown in Table 5-3-2. For this process, 
the Energy 1 and Energy 2 consumption are equivalent, because this process transforms 
fuels - coal and by product gases - into other fuels -coke and coke oven gas. Therefore all 
the inputs and outputs are accounted for in Energy 1 consumption (as in Energy 2 
consumption) as materials are not major energetic throughputs.
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There is a difference, albeit small, between the energy and the exergy consumptions. The 
former quantifies the amount of energy from the inputs which is retained in a useful 
chemical form, while the latter accounts for the destruction of high quality energy and its 
conversion into wasteful forms. The similarity between the two quantities can be 
understood by considering what happens in the coking process. The inputs, which have 
similar energies of devaluation and exergies (the P values for coke, blast furnace gas, 
BOF gas and coke gas are 1.06 and 1.00. 1.00 and 1.10 respectively [Szargut et al. 
1988]), are either combusted to provide heat which is eventually dissipated (by-product 
gases combustion), or heated in a reasonably controlled manner to dissociate into the 
chemical constituents (coking coal turning to coke and coke oven gas). Because the 
energy contained in the combustion products is counted as a waste, and because the 
enthalpy of devaluation of the coke and coke oven gas is very similar to its exergy, the 
difference between the inputs and useful outputs by either method of thermodynamic 
analysis is small. This is illustrated below (Fig. 5-3-2).
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Figure 5-3-2 Accounting for Energy 2 consumption and Exergy consumption in the
coking process
By product and natural g ases  
Energy « Exergy
Coking coal 
Energy « Exergy
Combustion
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Combustion gases and low 
temp, thermal energy 
Energy = W aste energy 
Exergy « 0
Coke and coke oven 
gas
Energy « Exergy
Energy 2 consumption = Input energy - Useful output energy 
Exergy consumption = Input exergy - Useful output exergy
Therefore because the energy flows are either high quality or wastes, there are no 
intermediate quality flows of energy across the boundary of the coking process, so the 
Energy 2 consumption and Exergy consumption are similar. The differences arise from 
differences in the P value for the fuels which depart only slightly from unity.
191
Table 5-3-2 Main energy and exergy throughputs o f the coking process per tonne o f coke
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels BF gas 1.96 1.96 1.96
BOF gas 0.07 0.07 0.07
C O. gas 1.35 1.35 1.52
Coking coal 39.52 39.52 43.00
Electricity 0.15 0.15 0.15
Steam LP 1.07 1.07 0.62
Materials Air N/A 0 0.40
Water N/A 0 0.62
# Q ta l s % ^  /  ^ M  44.13 4  r : 4 7 .7 3 : '/
Outputs
Wastes Ammonia N/A 1.26 1.35
CO2 N/A 0 0.01
Other N/A 0.02 0.02
Useful products Tar 1.26 1.26 1.36
Light oil 0.43 0.43 0.46
C.O.Gas 6.68 6.68 7.51
Steam LP 1.07 i i i l i 0.74
Water process 0 0 0.62
Coke and coke 
breeze
29.90 29.90 31.60
Inputs -Outputs 4.70 3.50 4.89
l,€^sum piion§^ • -.16:27^ -
Blast Furnace
The energy and exergy throughputs of the blast furnace are shown in Table 5-3-3. Energy 
1 consumption is much larger than the consumptions measured by the other methods.
This method of analysis accounts for the majority of the energy of the inputs, because the 
coke is considered a fuel not a material input, but does not include chemical or thermal 
energy in the pig iron. Energy 1 consumption therefore overestimates the actual loss of 
energy to wasteful forms in the process.
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There is also a more marked difference between the Energy 2 consumption and the 
Exergy consumption. The input exergy is about 0.6GJ greater than the input energy, 
because the coke and hydrocarbon fuels have P values slightly different from unity and 
the sinter exergy is higher than its energy. This is counteracted by the thermal energy of 
the steam inputs being greater than their exergies (e.g. air input at 500°C has p = 0.6).
The main difference however occurs in the output energies and exergies. The chemical 
exergy of the slag (taken to be a useful product) and the pig iron are both less than their 
chemical energy. In addition the thermal energy of the molten pig iron is 0.4 GJ per tonne 
of iron higher than its exergy. Thus the exergy analysis reflects the fact that some of the 
high quality energy in the chemical inputs has been degraded to lower quality thermal 
energy and chemical energy, a fact not revealed by Energy 2 analysis.
The Energy 2 analysis implies that less useful energy has been transformed to waste than 
is actually the case. The blast furnace has intermediate quality thermal energy outputs and 
inputs and outputs whose chemical exergy differs from their energy. For this reason 
Exergy analysis produces a more complete description of what is occurring 
thermodynamically within the process than either of the Energy analyses.
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Table 5-3-3 Main energy and exergy throughputs o f the blast furnace per tonne o f molten
iron.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels BF gas 1.09 1.09 1.09
BOF gas 0.46 0.46 - 0.46
C O. gas 0.18 0.18 0.20
Natural gas 0.20 0.20 0.21
Fuel oil 3.42 3.42 3.67
Steam HP 0.98 0.98 0.56
Steam LP 0.07 0.07 0.03
Electricity 0.10 0.10 0.10
Coke 12.02 12.02 12.70
Materials Sinter 0.18 0.29
Limestone 0 0.02
Air 0 0
Water 0 2.79
^ * S S a M B I s . ^ i K s 9 l S B E -
O utputs
Wastes Heat of slag 0.48 0.29
Heat of offgas 0.20 0.05
CO & v o c 0.70 0.72
C0 2 0.00 0.30
Water 0 0.07
Useful products BF gas 5.40 5.40
Water 0 2.73
Iron 9.22 8.55
Heat of iron 1.36 1.00
Slag 0.63 0.58
w m m m m
Inputs -  Outputs 19.49 1.68 3.17
# b n s u m 5 :6 n # # m m r n m m :
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Basic Oxygen Furnace
The energy and exergy throughputs to the BOF are shown in Table 5-3-4. There is only a 
small chemical energy input in fuels to the BOF yet there is a large thermal energy input 
in the form of molten iron and chemical energy input in the iron. The BOF process can be 
thought of as combusting the carbon contained in the molten iron with oxygen to provide 
enough thermal energy to melt the scrap charge, so in a sense this carbon acts as the fuel. 
The other purification and alloying processes are not as significant from an energy/exergy 
perspective. The Energy 1 consumption does not account for this energy input as the iron 
is considered a material and so does not represent an energy input. It does however 
include the output of the BOF gas as a fuel for other processes. This arises from the 
chemical exergy of the material inputs which are not accounted for in Energy 1 
consumption. Therefore it appears by this method of analysis that energy has been 
created, giving rise to the negative energy consumption reported in Table 5-3-4. This is 
obviously not possible and highlights the problems of arbitrarily excluding materials 
from the analysis.
The energy/exergy released in the BOF is equal to the difference between the 
energy/exergy of the pig iron and that of the steel product. Some of this is retained in the 
thermal energy of the steel output at 1700°C. The remainder is dissipated as low 
temperature heat as the slag and BOF gas cools, or in the chemical reactions such as 
oxidation and slag formation. The difference between Energy 2 consumption and Exergy 
consumption is due to slight differences in the thermal energy and exergy of the 
throughputs, in particular the chemical exergy of the slag, pig iron and steel.
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Table 5-3-4 Main energy and exergy throughputs o f the basic oxygen furnace per tonne 
o f molten iron.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Electricity 0.11 O.II 0.11
Natural gas 0.16 8.16 0.16
Steam EP 0.04 0.04 0.01
Materials Scrap iron & 
steel
1.51 1.38
Molten iron 8.05 7.47
Heat of iron 1.14 0.79
Water 0 0.69
Mn 0.03 0.03
Lime 0.13 0.09
Limestone 0 0.00
Oxygen 0 0.01
O utputs
Wastes Heat of slag 0.17 0.10
Heat of gas 0.01 0.01
CO & VOC 0.06 0.06
CO2 0.00 0.02
Flue dust 0.00 0.00
Water 0.00 0.02
Useful products Steel 7.54 6.91
Heat o f steel 1.40 0.98
Scrap steel 0.08 0.07
BOF gas 0.55 0.55 0.55
Slag 0.22 0.15
Steam LP 0.04 0.03
Water 0 0.67
a ^ m m m
Inputs - 
Outputs
-0.21 1.14 1.17
ij^onsumption j m : r n » w sm
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Continuous Casting
The energy and exergy throughputs of continuous casting are shown in Table 5-3-5. From 
an energy and exergy point of view this is mainly a cooling process. The shaping of the 
solidifying steel is essential from the point of view of producing a useful product, but is 
not quantified by thermodynamics. The only fuel input is a tiny amount of natural gas 
used to cut the beams, so the Energy 1 consumption is very small and completely ignores 
the loss of useful thermal energy in this process. To an extent this has already been 
‘charged for’ in the blast furnace as the thermal energy in the outputs was not included in 
this measure. Energy 1 analysis therefore fails completely to describe processes such as 
this where there are no fuel inputs, yet there is still substantial transformation of energy.
The thermal energy of the steel is greater than its exergy (1.40 GJ and 0.98 GJ 
respectively [Szargut et al. 1988]). Therefore as this energy is dissipated and exergy is 
destroyed in cooling to environmental temperature, the loss of energy to the environment 
is greater than the destruction of exergy. This accounts for the difference between the 
measures and reflects the fact that the amount of high quality energy in the thermal 
energy of the steel is less than its energy content.
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Table 5-3-5 Main energy and exergy throughputs o f continuous casting per tonne o f cast 
steel.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Natural gas 0.08 0 08 0.08
Electricity 0.04 0 04 0.04
Materials Liquid steel 7.80 7.15
Internal energy 
of steel
1.40 0.98
Outputs
Wastes
Useful products Steel slabs 7.54 6.91
Steel scrap 0.26 0.24
jgSk
Inputs - 
Outputs
1.52 1.10
□ s a p r . ' . ' r v - V I  -, * V*?|#onsQinpt:on3%
Hot Mill
The energy and exergy throughputs for the hot mill are shown in Table 5-3-6 and 
illustrated in Figure 5-3-3. The hot mill is a combustion process which results in the 
eventual dissipation to the environment of the thermal energy generated by the chemical 
reactions. There is a small amount of steam generated for use elsewhere in the plant, 
which treated as a fuel output. As the main inputs and the only useful outputs (other than 
the steel) are fuels, the Energy 1 and Energy 2 consumption will be identical. The fuel 
inputs all have very similar chemical energies and exergies so, as the output exergy of the 
combustion products is zero and their energy is a waste, the Energy 2 and Exergy
198
consumption are similar. The slight difference is again due to the inputs having P values 
departing slightly from unity, and from steam generated which has a lower exergy than 
energy.
Figure 5-3-3 Hot Milling
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Table 5-3-6 Main energy and exergy throughputs o f the hot mill per tonne o f milled steel.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Electricity 0.38 0.38 0.38
Natural gas 1.04 1.04 1.08
Fuel oil 0.55 0.55 0.59
Steam 0.16 0.16 0.09
Coke oven gas 0.70 0.70 0.79
Materials Steel slabs 7.80 7.15
O utputs
Wastes
Useful products Steam 0.12 0.12 0.04
Scrap 0.26 0.24
Hot-rolled Steel 7.54 6.91mmmaam
Balance 2.72 2.72 2.84
ÿW msümptÊdn^ rni2m^mm^mmsmsR
199
The table shows that the steel has a different chemical energy and exergy and as such is a 
flow of intermediate quality, yet this does not produce differences between the energy 
analyses and exergy analysis because the steel flows through the process unchanged. 
These flows are termed ‘transitional’ because, although they affect the total input and 
outputs, they have no net effect on the consumption^^.
Other Finishing Processes
There is little difference between the results of each method of analysis for the other 
processes involved in finishing the steel. The main inputs to these processes are 
electricity and natural gas with small amounts of steam. The first two have very similar 
chemical energies and exergies. These are then dissipated (their exergy destroyed and 
energy transformed to waste) through combustion, friction and plastic deformation of the 
steel. Therefore the difference between the energy input in fuels and the thermal energy 
output (Energy 1 & 2 consumption), and the exergy input in fuels and thermal exergy 
output (Exergy consumption) is very small. The chemical energy and exergy of the steel 
are different, but are both essentially unchanged by the process. Therefore it is of no 
consequence that the Energy 1 consumption does not take into account the material 
(steel) inputs to these processes, and there is essentially no difference between the Energy 
2 consumption and the Exergy consumption.
This is not true of the efficiency figure which will vary according to whether the transitional 
energy/exergy is included or excluded.
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On Site CHP
There are significant differences between the results by each method for the on-site CHP. 
This process combusts chemical fuels with chemical energies almost equal to their 
chemical exergies, to produce electricity which is high quality (exergy = energy) and 
steam which is intermediate quality. The main inputs and outputs are shown in Table 5-3- 
7.
Table 5-3-7 Main energy and exergy throughputs o f the on-site CHP plant per GJ o f 
electricity produced
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Coke gas 1.50 1.50 1.69
BF gas 5.45 5.45 5.45
BOF gas 0.21 0.21 0.21
Nat gas 0.09 0.09 0.09
Fuel oil 1.62 1.62 1.74
Steam HP 0.03 i. 0.03 0.02
Steam LP 0.12 0.12 0.04
Electricity 0.06 0.06 0.06
Materials Feedwater 
(thermal energy)
0.21 0.00
Outputs
Wastes
Useful products Electricity 1.00 1.00 1.00
Steam HP ‘ 1.92 1.92 1.60
Steam LP 2.75 2.75 1.02
Feedwater 0.21 0.00
"iÈbiafïh-f m È & s ie im m
Inputs - 
Outputs
3.41 3.41 6.00
10 d n s u'm pf idii® 3.41^5iSr-
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Because the flows of energy are mainly contained in fuels the energy 1 and energy 2 
consumptions are almost identical. The energy and exergy of the input fuels is similar 
(9.07 GJ and 9.30 GJ respectively - excluding the circulating feedwater) so the difference 
between the Energy 2 and Exergy consumption is mainly due to the difference between 
the energy and exergy of the steam output. This accounts for the exergy consumption 
being 2.6GJ more than the Energy 2 consumption, representing the extra degradation of 
quality of the input energy revealed by the exergy analysis. Thus the Energy 2 analysis 
makes the on-site CHP process appear to perform better thermo dynamically than is 
actually the case, and more of the useful energy from the inputs has been degraded than 
the energy analysis reveals.
UK Electricity Generation
Electricity generation is a similar process to CHP generation except that the output is of 
high quality energy only, i.e. electricity for which energy and exergy are identical. Again 
fuels are the main energy and exergy inputs and these are combusted, or fissioned in the 
case of nuclear power, to produce this electricity. The small amount of hydro-power is 
assumed to be produced at 85% conversion efficiency to electricity from the potential 
energy o f the water. The main flows of energy and exergy are detailed in Table 5-3-8.
As before, the Energy 1 and Energy 2 consumption are equivalent since all the flows and 
useful products are fuels. Also as the input energy and exergy are similar - differing only 
by the (3 values of coal and natural gas - and the output energy and exergy are identical, 
there is only a very small difference between the Energy 2 consumption and the Exergy
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consumption. This is what one would expect for the overall process. However as revealed 
in the coal power station exergy analysis of Chapter 2, there are large differences 
between the energy and exergy consumptions within the sub-processes of electricity 
generation. On the other hand, looking simply at the inputs and outputs to the whole 
process, the Energy 2 consumption and the Exergy consumption are very similar. This is 
because the the quality of the inputs and outputs is either close to unity (for the fuel 
inputs and electricity outputs) or zero (for waste heat).
Table 5-3-8 Main energy and exergy throughputs o f  UK electricity generation plant per 
GJ o f electricity produced.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Coal 1.52 L52 1.65
Oil 0.24 0.24 0.25
Gas 0.10 0.10 0.10
Nuclear fuel 0.58 0.58 0.58
Hydro 0.07 D.07 0.07
Materials Air 0 0
Water 0 0.01
Outputs
Wastes CO2 0 0.09
Other 0.03 0.03
Useful products Water 0 0.01
Electricity 1.00 1.00 1.00mmmmmameoamK
Inputs - 
Outputs
1 . 4 7 1 . 4 7 1.54
® o n su m p ïï^ n ^
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Electric Arc Furnace
As the EAF production process model has the same finishing process as the BFBOF and 
receives its electricity from the process described above (UK electricity production), the 
only process which is of interest peculiar to the EAF route is the EAF itself. Figure 5-3-4 
shows the consumption per tonne of steel produced in the EAF. The main flows of energy 
and exergy are detailed in Table 5-3-9.
Figure 5-3-4 Consumption in EAF steel production
o
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The EAF process uses electricity and natural gas as fuels to generate heat to melt the steel 
scrap input. There is little chemical change (from an energy/exergy point of view) to the 
materials - primarily scrap - input. The Energy 1 consumption accounts for these fuel 
inputs but fails to take account of the retention of some of this energy in the internal 
energy of the molten steel. This causes its consumption to be 0.31 GJ higher than the 
Energy 2 consumption.
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The energy and exergy of the fuel inputs are similar. Of the material inputs, the main 
difference between Energy 2 and Exergy arises from the chemical energy o f the steel, 
which is 0.63 GJ/t greater than its exergy. However as this steel is simply transitional (its 
chemistry remains unchanged in the process and its mass is conserved between inputs 
and product output) this difference does not impinge on the consumption figures. The 
difference between Energy 2 consumption and exergy consumption instead arises from 
the thermal energy o f the molten steel output. The quality of this energy is calculated 
from its temperature (here »  1600°C) [Szargut et al. 1988] giving an energy of 1.38 GJ/t 
and an exergy of 0.98 GJ/t. Thus more of the high quality energy o f the fuel inputs has 
been destroyed than the Energy 2 consumption reveals.
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Table 5-3-9 Main energy and exergy flows in the EAF per tonne o f steel produced.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Electricity 149 1.49 1.49
Natural gas 0.31 0.31 0.31
Materials Electrodes 0.09 0.09
Nitrogen 0 0
Oxygen 0 0.01
Alloys 0.54 0.54
Fluxes 0.00 0.00
Lime 0.11 0.07
Carbon 0.50 0.48
Steel scrap 7.61 6.98
Outputs
Wastes CO 0.03 0.03
CO2 0 0.01
Nitrogen 0 0.00
Oxygen 0 0.00
Slag O il 0.08
Useful products Steel scrap 0.Q8 0.07
Molten steel 7.5i 6.91
Internal energy 1.38 0.98■BBMnWHB
Inputs - 
Outputs
1.47 1.44 1.89
mmÊmwm
BFBOF steel production route
Bringing together the processes described above, we can calculate the overall 
consumptions for the three analyses for the BFBOF steel route. Figures 5-3-5 & 6 show 
the relative contribution of all process within BFBOF steel production to the total 
consumption per tonne of finished steel produced. Table 5-3-10 lists the main 
energy/exergy inputs and outputs from this system
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Figure 5-3-5 Consumption in BFBOF processes normalised to one tonne o f finished steel
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Figure 5-3-6 Total consumption in BFBOF fo r  the production o f one tonne o f finished 
steel.
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The majority of the energy and exergy inputs are in the form of fuels with the scrap 
providing the largest non-fuel energy/exergy input. The output energy/exergy is 
dominated by the steel with by-products making up the remainder. Except for nuclear and 
hydro-energy all the inputs and outputs are in chemical form. The difference between 
Energy 1 consumption and Energy 2 consumption is due to the former ignoring the 
energy of the material inputs and the retention of energy within the material products.
The energy within these products has not been lost and is still available for use within the 
economy.
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Table 5-3-10 Main flows in the calculation o f consumption for the production o f one
tonne o f BFBOFfinished steel.
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Coking coal 16.73 16.73 18.24
Other coal 1.24 im 1.35
Natural gas 2.19 2.19 2.27
Fuel oil 4.97 4.97 i . i i
Nuclear
electricity
0.37 0.37 ! 0.37
Hydro
electricity
0.04 0.01 0.04
Materials Iron ore 0.15 0.24
Scrap 0.98 1.46
Other 0.11 0.20
. . .
Outputs
Wastes Various N/A 6.49 5.07
Useful products Steel mm. 7.54 6.91
Light oil 0.18 0.18 0.19
Tar 0.54 0.54 0.58
BF slag G.SS 0.58 0.23
BOF slag i j i 0.23 0.16
■ S e m it e
Inputs - 
Outputs
11.25 16.12
CbnsumpriPn#
The difference between the Energy 2 and Exergy consumptions arises from differences 
between the chemical energies and exergies of the throughputs. The fuels have similar 
energies and exergies, although the value of 3 = 1.09 for the coking coal [Szargut et al. 
1988] leads to a 1.5 GJ difference between the energy and exergy (16.73 and 18.24 GJ 
respectively) of this input. On the output side, the major difference lies in the energy and 
exergy within the steel, 7.54 and 6.91GJ respectively. The difference, corresponding to a
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value for the quality factor P of 0.91, reflects the fact that the steel contains less high 
quality energy (i.e. mechanical work) than its enthalpy of formation alone would suggest. 
As a result, the overall exergy consumption is larger than the Energy 2 consumption, 
again showing that more of the high quality work present in the inputs has been destroyed 
or turned to wastes than is indicated by the Energy 2 analysis.
EAF Steel Production Route
Following the same method as above, the consumptions for the three analyses are 
calculated for the EAF steel production route. The relative contributions of each process 
by each method of analysis are shown in Figure 5-3-7 & 8 and the main flows detailed in 
Table 5-3-11.
Figure 5-3-7 Comparison o f energy and exergy consumption in EAF steel production 
processes.
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Figure 5-3-8 Comparison o f total energy and exergy consumption in EAF steel 
production processes.
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Table 5-3-11 Main flows in the calculation o f consumption for the production o f one
tonne o f EAF finished steel
Type of 
throughput
Accounting
method:
Energy 1 (GJ) Energy 2 (GJ) Exergy (GJ)
Inputs
Fuels Coal 3.93 3.93 4.27
Fuel oil 1.18 1 J8 1.27
Natural gas 3.02 3.02 3.14
Nuclear
electricity
1.47 1.41 1.47
Hydro
electricity
0.17 0.17 0.17
Materials Scrap 8.19 7.51
Other 1.29 1.25
Outputs
Wastes EAF Slag 0.13 0.09
Other 0.25 0.20
Useful products Steel t: 1.54 6.91
Scrap 0.62 0.57
Inputs - 
Outputs
9.77 10.72 11.40
The EAF steel production process including electricity production has fuels and steel 
scrap as its main energy/exergy inputs. The other non-transitional material inputs are 
principally alloy additions and carbon into the EAF. The task of all these inputs is to 
physically transform and purify the steel, a process which makes negligible difference to 
the energy/exergy content of the material. Furthermore, aside from a small amount of 
steel scrap which ends up as waste, the mass/energy/exergy of steel entering as scrap 
equals the mass/energy/exergy leaving. Therefore this is a transitional throughput.
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Therefore the difference between the Energy 1 consumption and Energy 2 consumption 
arises mainly because the former does not account for the material inputs of alloys and 
carbon. The difference between Energy 2 consumption and Exergy consumption is 
almost entirely due to the difference in the fuel’s p values and differences between the 
energy and exergy of the alloys and carbon input to the EAF. The resulting difference is 
only 0.5 GJ/t steel produced. So, although there are considerable differences between the 
analyses in the disaggregated processes (e.g. EAF and continuous casting in Figure 5-3-5) 
this is not the case for the aggregated system. This arises from the choice of system 
boundary. Few flows of intermediate quality energy cross the system boundary for the 
whole EAF steel production system, whereas within the sub-processes there are flows, 
such as the thermal energy of the liquid steel, which are of intermediate quality.
The Simple Steel Life Cycle
Bringing these two steel production routes together into the steel life cycle (as in the 
previous chapter) shows the results for the consumption per tonne of steel delivered to 
use from these different methods of analysis. The life cycle is shown in Figure 5-3-9 
(identical to illustration in Chapter 4). Figure 5-3-10 illustrates the consumptions by 
process within the life cycle.
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Figure 5-3-9 Mass flows in the simple life cycle o f steel
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Figure 5-3-10 Comparison o f  thermodynamic analyses o f the simple steel life cycle
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The steel life cycle includes several further processes in addition to steel production. 
Mining and transportation rely principally on the combustion of fuels or the use of 
electricity which is dissipated into the environment. These inputs have similar energy and 
exergy values. Moreover there are no thermodynamically quantifiable useful outputs 
from these processes, and the materials throughputs are transitional, i.e. the inputs equal 
the outputs. Therefore, the consumption measured by all three analyses will be almost 
identical.
The remaining process considered in the life cycle is the generation of steel waste after 
the use of steel goods. As this is purely concerned with material throughputs, the Energy 
1 consumption will be zero. The Energy 2 and Exergy consumption are determined by 
the amount of steel which becomes waste. The consumption in each case will equal the 
energy and exergy of this steel waste. As the estimated waste from use for the steel is 0.5t 
per tonne of steel delivered to use, the Energy 2 consumption and Exergy consumption 
are 3.8 GJ and 3.6GJ respectively.
Scrap exports are only accounted for in Energy 2 and Exergy consumptions. As in the 
previous chapter this is subtracted from the consumption of the rest of the life cycle 
because it is a useful output.
Looking at the differences between the different analyses for individual processes shows 
no consistent pattern. For instance in the simple steel life cycle the Energy 1 consumption 
for the BFBOF production routes gives the largest value of the three analyses at 22.3 GJ
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whereas for the EAF it gives the smallest value at 2.9 GJ. So there is no consistent 
difference between the results from each analytical method.
The totals are 23.8 GJ, 23.0GJ and 22.1 GJ for the Energy 1, Energy 2 and Exergy 
consumption respectively, showing a spread of the order of 10% between them. The 
similarity of these aggregated totals is remarkable considering the difference in the 
methods o f analysis used. This belies the much larger differences between the analysies 
which occur at more disaggregated levels.
The next section examines the general rules which can be learnt from the foregoing 
analysis as to when exergy analysis will produce significantly different results from either 
form of energy analysis.
4. General Observations on the type of processes for which energy and 
exergy analysis produce different results.
Here we use the preceding analyses of specific processes in the steel sector to draw some 
general conclusions about which type of processes will yield different results according 
to the analytical method used, and equally which will yield similar results.
Comparing Energy 1 analysis with Exergy analysis shows that similarities between the 
two only occur in processes where there are fuel inputs of similar energy and exergy, no 
non-transitional material inputs with appreciable exergy content, and no energy/exergy
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outputs as useful material products. These types of process include transportation, 
mining, sintering, hot milling and other finishing processes. Mainly these are combustion 
processes or use electricity to perform a function which results in the dissipation of this 
energy as low temperature heat.
Figure 5-4-1 Process where Energy 1 analysis and Exergy analysis yield very similar 
results fo r  the consumption in the process.
Fuels, Electricity 
Energy «Exergy
Material input 
Energy Æxergy PROCESS 1
Combustion products, low 
temp, heat: Exergy »0 +  Energy = Waste energy
■►Material output = material input
If the material inputs and outputs are identical then:
Energy 1 Consumption = Fuel’s energy 
Energy 2 Consumption = Fuel’s energy 
Exergy Consumption = Fuel’s exergy
So: Energy 1 Consumption «  Exergy Consumption
The many processes where the Energy 1 consumption and the Exergy consumption did 
not produce similar values included:
• Processes with large non-transitional material inputs or outputs of non-zero chemical 
energy, e.g. Blast Furnace, BOF;
• Processes where the fuel inputs have very different energy and exergy values, e.g. 
processes with steam inputs;
• Processes with material inputs with high thermal energy which is dissipated in the 
process, e.g. continuous casting;
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• Processes converting material inputs to forms which are not used again, e.g. steel to 
waste in use.
Thus Energy 1 consumption will only produce results similar to Exergy consumption for 
processes involving the combustion of fuels with the production of no useful material or 
energy outputs. Otherwise Energy 1 analysis cannot give a full description of the 
thermodynamics of the process, and will not quantify accurately where and how 
resources are being consumed.
Nevertheless many processes, including the economic system taken as a whole, do fit into 
the above category for which Energy 1 analysis is informative. Energy and exergy inputs 
to the whole economy are supplied principally by fossil fuels which have similar energy 
and exergy values, while the economy overall produces no useful output from a 
thermodynamic point of view (given that the satisfaction of human needs is not 
quantifiable in terms of energy or exergy flows). Therefore the Energy 1 consumption for 
systems covering whole economies will be similar to their Exergy consumption (Figure 
5-4-3). However this is not necessarily true for disaggregated sectors or processes within 
these economies. It also neglects the increase in the stock of useful energy/exergy which 
remains within the economy.
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Figure 5-4-3 Energy 1 consumption and Exergy consumption fo r  cm economy.
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The differences between Energy 2 analysis and exergy analysis are more subtle than 
those described above. The two analyses measure the same flows, albeit in terms of 
different parameters, so that the differences between them arise solely from differences 
between the energies and exergies of those flows. When the process acts to change the 
quality of the flows input to output by an intermediate amount i.e. the quality o f the 
energy is neither total retained, nor totally lost; then the exergy consumption will differ 
from the Energy 2 consumption. Processes where these differences will be seen include:
• Conversion of fossil fuel inputs (with P « 1) to material outputs of different energies 
and exergies;
• Conversion of fuel and material inputs with different specific energies and exergies 
(i.e. intermediate quality energy flows) to other material and fuel outputs of different 
energies and exergies, e.g. blast furnace, BOF;
• Any processes with a net change in thermal throughputs, e.g. continuous casting, 
fossil fuel combustion for steam generation, CHP, EAF, Hot mill.
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Thus many types of processes will exhibit differences between Energy 2 consumption 
and Exergy consumption. However many types of process will exhibit little difference 
between the results of the two analyses. Naturally, these will be processes where the 
energy and exergy of the inputs and outputs are very similar. Included in these are the use 
of fossil fuels in combustion (with P«l) with no ultimate useful energy/exergy output or 
an output of similar energy and exergy, e.g. transport (internal combustion engine), 
galvanising and other finishing processes, and electricity production (non-CHP).
5. Comparison of steel production energy and exergy analyses.
Having calculated the Energy 1 consumption for the steel processes, we can now 
compare these results with ones from other energy and exergy analyses of steel 
production processes. This provides a check that the data used for the processes is 
realistic. Table 5-5-1 shows the Energy 1 consumption and exergy consumption as 
calculated in this and the previous chapter, together with other published results.
This comparison reveals that the energy analyses of the processes in this study produce 
results similar to those of the other studies. The results from the process models used in 
this study for the Energy 1 consumption in BFBOF steel production processes are slightly 
larger than those from published sources. Conversely the EAF results are slightly smaller. 
However this could just be a reflection of the types of process analysed; for example, it 
could reflect the more modern design of the CoSteel EAF compared with other EAFs, 
whereas the BFBOF operations at the Llanwern steelworks use older technology.
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There are few exergy analyses for comparison and of these there is some ambiguity about 
which processes are included in the analysis. Nevertheless the more modern analyses by 
Akiyama [1988] and Bisio [1993] are in broad agreement with the results from this study. 
The major discrepancy appears to be the exergy consumption in the blast furnace as 
calculated by Szargut et al. [1988] and in this study. This arises because the coke rate for 
the blast furnaces has more than halved since 1965. In addition much less blast furnace 
gas is allowed to escape, and the sinter rate has been reduced by the introduction of blast 
furnace dust capture and reuse. Otherwise the figures from other analyses are within an 
acceptable range given that they were conducted on different steel plants and at different 
times.
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Table 5-5-1 Estimates for the Energy 1 and Exergy Consumption in Steel production
processes
Process This Energy 1 
consumption
Other Energy 1 
consumptions
This Exergy 
consumption
Other Exergy 
consumptions 
(year of study)
Sintering 1.57 1.54^
1.56^
1.6 2.3"
Coking 4.79 Z.T 6.27 8.0"
Blast furnace 19.49 12.3''
9 . r
4.60 14" (1965) 
3.5°
BOF -0.21 -0.02" 
-0.33 ^
1.38 1,5“ (1985)
Hot rolling 2.72 2.1" 2.84 N/A
Other Finishing 1.09 2.5" 3.77 N/A
EAF 1.80 6.0
2.6^
1.94 1.6 (inferred)"
Total for BOF 
steel (excl 
electricity)
20.71 18.4" 17.8 26.7“
Total for EAF
(excluding
electricity)
6.16 1.& 7.32 22.7“
Total for BOF 25.46 19.4 N/A
Total for EAF 9.77 11.60 N/A
a-(ETH 1997), b-(UNEP 1997), c- (Akiyama 1993), d-(Szargut et al. 1988), e - (Bisio 
1993)
6. Conclusion
This chapter has highlighted the differences between energy analysis and exergy analysis 
and shown where and why significant differences between them emerge. These are 
principally in processes where there are flows across the system boundary o f intermediate 
thermodynamic quality.
It has been shown that there is a large class of processes for which there is little 
difference between energy and exergy analysis. This is perhaps one reason why energy
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analysis has been seen to be sufficient for the thermodynamic analysis o f many processes, 
leading to an attitude that exergy analysis is a technique which requires more work - of 
the human labour kind - and generates little more insight. However it is obvious from the 
examples in this chapter that energy analysis is not sufficiently informative in many 
cases, and does not provide a consistently accurate description of the amount of high 
quality energy which is consumed in all processes. Therefore it is an inappropriate 
method for use in this study which examines a variety of processes at a variety of scales. 
For this reason exergy analysis is used for the remainder of the analyses in this project.
An additional point that should be made is that, if processes in our economies are to 
become more efficient in their use of materials and energy, there is bound to be much 
more utilisation of intermediate quality outputs from certain processes as inputs to other 
processes e.g. using thermal outputs from one process as inputs to another. This is seen in 
the field of industrial ecology (see Jackson [1996], Ayres [1998]), where links between 
processes allow for the substitution of high quality inputs with waste outputs from other 
processes, thus lessening the total resource consumption and waste emissions for the 
whole system. Exergy analysis, particularly in when looking at thermal flows, lends itself 
to the analysis and optimisation of this type of system for the reasons described in this 
chapter.
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* Altliough Energy 2 analysis was shown to be more informative tlian Energy 1 analysis wliich for most 
processes gives an inadequate description of what is occurring tlierniodynamically.
Chapter 6 ; Models to represent the UK steel sector.
'Rien ne s e  perd, 
rien ne se  crée, 
tout se  transforme.’
- A.L. Lavoisier (1743-1794)
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1. Introduction
The aim of this chapter is to examine different systems representing the UK steel sector 
and the effect the choice of system has on the results of an exergy analysis. This will 
determine which method of representation, or model, is appropriate to this study.
The ultimate function of the models is to give a greater understanding of the 
thermodynamic flows connected with steel use in the UK and to allow ways of reducing 
the overall exergy consumption to be investigated. Aspects of interest which will be 
highlighted for their effect on the exergy consumption include:
• The choice of system
• The effect of trade in materials
• Recycling of scrap steel
• The significance of transport both within the UK and that due to trade
• The exergy consumption in steel production processes
• The consumption in raw material extraction.
Finally, a model will be selected based on these results which will be used for further 
analysis in Chapters 7 & 8.
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2. Choosing the system
There is no unique way of defining which subset of the global steel sector should 
represent the ‘UK steel sector’. The system used, and processes included within it, are 
dependent on the function the analysis is to perform. In the context of this study and in 
line with the thesis of this dissertation, the function is to use exergy analysis to identify 
means of reducing resource use in the steel sector due to system inefficiencies. Therefore 
the appropriate system will be the one which best accomplishes this aim.
One criterion which must be satisfied in choosing a representative system is that if  the 
steel sectors of all countries were represented in a similar way then the sum of all these 
systems would represent the global steel sector with no omissions or double counting of 
exergy flows. Thus:
^System; = Global system / " o n
all countries ( D - 2 "  1 y
where i corresponds to the countries of the world.
This acknowledges that each country’s steel sector is a sub-set of the global steel sector 
and ensures consistency in the analysis.
In this chapter we investigate two systems representing the UK steel sector which satisfy 
this criterion. For both systems the steel sector is defined as those processes linked to the 
use o f  steel in the UK within the particular system boundary. Both models thus share the 
same functional unit of one tonne of steel delivered for use in the UK. The difference
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between the models arises from the definition of the UK in the ‘UK steel sector’ and the 
resultant system boundary.
The first model of the steel sector (SSI) interprets the UK steel sector to mean those 
activities, in their entirety, associated with UK steel use which lie within the UK borders 
(Figure 6-2-1 (a)). Thus all steel production, all steel product manufacture, all steel use, 
all steel recycling and all other connected processes which take place within the UK 
borders are included in the model regardless of whether these products are actually used 
in the UK. The convenience of this type of model is that statistics on trade, steel 
production methods etc., are based on these system boundaries as they are compiled by 
national Governments. This type of model will be relevant to questions o f exergy 
consumption (and hence resource consumption) occurring in the UK because this is the 
level at which policy is generally made (e.g. the Kyoto Protocol, the Montreal Protocol 
and Oslo Protocol are based on national boundaries and national energy accounts and 
statistics are formulated on this basis). The disadvantage of using national borders as 
system boundaries is that not all processes associated with the production and 
manufacture of steel goods for use in the UK are included in the system. For instance if 
steel produced in France is used in the UK the exergy consumption of producing this 
steel is not included in the overall UK consumption.
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Figure 6-2-1 Representations o f the UK steel sector
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The second model (SS2) sets out to include that portion o f processes directly linked to 
the use o f  steel in the UK (Figure 6-2-1 (b)). Thus the UK in UK steel sector only refers 
to the location of the use of steel. All processes connected to this use stage are then 
included in the model regardless of their geographic location. It follows the approach 
used by LCA and other energy analyses which defines the system purely based on its 
functional unit. Thus all processes from raw material extraction to disposal (‘cradle to 
grave’) which are linked to this functional unit are then included within the system. So all
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mining of raw materials, steel production, product manufacture (and the associated 
transportation steps) which supply steel goods for UK use are included. Equally all 
recycling and disposal processes resulting from UK use of steel goods is also included. 
Therefore if  a particular steel product which was manufactured in Germany using steel 
from Russia which was produced from Australian iron ore is used in the UK, all these 
processes would be included within the system. Naturally this is a more complex model 
in terms o f data gathering and links between processes, but it does mean that in principle 
all the processes which are directly linked to the use of steel in the UK are included 
within the system.
These systems are not the only possible representations of the UK steel sector, but they 
do represent two very different views. Consequently, in comparing the results from these 
systems, it is hoped that all the issues associated with choosing a representative system 
will be revealed.
The systems described above will satisfy the criteria for summing systems (Eq 6-2-1) if 
the exergy consumption due to transportation is consistently dealt with. The convention 
suggested and used in this study is that the transportation of materials between borders 
should be allocated to the receiving system, i.e. the exergy consumption in transport of 
imports between countries is included in the exergy consumption of the receiving 
country. This avoids any double counting or omission and, reasonably, places the 
responsibility for the exergy consumption of transportation with the importer.
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The next two sections will look at the flows of steel, scrap and raw materials in SSI and 
SS2 and from these calculate the overall exergy consumption in the UK steel sector 
according to each representation. The differences and similarities between the results will 
then be examined.
As in all previous analyses the contribution of capital exergy has been omitted.
3. SS1 representation of the UK steei sector 1994
The main stages and processes in this system are outlined below. The first task in 
building this model was to quantify all the flows of iron, steel and scrap in the model.
The year chosen was 1994, being the most recent for which reliable data was available. 
Using data from the Iron and Steel Statistics Bureau [1996] and trade statistics [HMSO 
1995] most of the flows of steel and scrap could be accounted for. Other flows had to be 
estimated or inferred from this data. More details of the calculations are given below and 
Appendix D I-XI contains the tables o f the raw data. Flows are given in terms of the total 
annual flow or normalised per tonne o f steel to use. The structure of this model is shown 
in Figure 6-3-1.
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Figure 6-3-î  Structure o f SSl representation o f UK steel sector.
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Once the material flows from each process in the system have been ascertained, the 
specific exergy consumptions per tonne for these processes (Chapters 3 & 4) are used to 
calculate the exergy consumption. Summing these gives the total exergy consumption for 
the sector.
Iron and Steel production
The mass flows in steel production are detailed in the statistics compiled by the Iron and 
Steel Statistics Bureau [ISSB 1996] [Appendix D I & III]. These show the total amount 
of crude and finished steel produced in the UK. These are broken down by process, i.e. 
EAF and BFBOF. The total demand for scrap from steel production is also detailed. 
These statistics also show that in 1994 there was a small contribution to both the supply
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of ferrous materials to use and the demand for ferrous scrap from cast iron^^ production. 
Thus the steel industry and cast iron industry are interdependent, so that both need to be 
considered. Therefore the functional unit has to be altered slightly to become one tonne 
of iron and steel to UK use and this model should strictly be called the UK iron and steel 
sector. However for ease of reference in the following text cast iron is included in 
references to steel unless indicated otherwise. The annual (1994) flows of steel from each 
process are shown in Table 6-3-1. The exergy consumption is calculated from these mass 
flows according to those calculated in Chapters 3 & 4 for EAF, BOF-BF steel and Cast 
Iron (Cl) production. These individual process analyses are scaled to the whole of UK 
iron and steel production according to mass produced. The annual (i.e. not normalised to 
one tonne of steel to use) total exergy consumption in iron and steel production for 1994 
is shown in Table 6-3-1 together with the mass flows [ISSB 1996].
Table 6-3-1 Calculated total annual exergy consumption by process in iron and steel 
production.
Production
process
Vo of total 
finished 
iron and 
steel
production
Annual 
mass flow 
of finished 
steel or 
iron (kt) 
[ISSB 
1996]
Specific
exergy
consumption
(GJ/t)
[Chapters
3&4]
Exergy
consumption (PJ)
% o f
total
BF-BOF 70.3 11726 19.4 227 81
EAF 24.6 4106 11.6 48 17
Cast iron 
production
5.1 848 7.3 6 2
Total 100 16679 277
Cast iron is similar in composition to pig iron and is suited to casting but finds limited application 
currently with steel substituting for it in many situations.
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From Table 6-3-1, the BOF steel production route dominates the exergy consumption, 
consuming 81% of the exergy in iron and steel production while producing 70 % of the 
iron and steel Most of the remainder is consumed by EAF steel production with a small 
contribution from cast iron production. The total exergy consumption in iron and steel 
production per tonne o f steel to use is 20.9 GJ.
Product manufacture
Because of the difficulty of modelling the vast variety of steel-containing product 
manufacturing processes, this process has been approximated simply to one which takes 
in a flow o f steel and splits it into prompt scrap and steel products (Figure 6-3-2). The 
prompt scrap is recycled to steel production and the steel product feeds on to the use 
stage. The prompt scrap ratio (prompt scrap/steel input to manufacture) is taken to be 
15% [Chapman & Roberts 1983] for all steel entering manufacture in the UK.
Figure 6-3-2 Steel flows through product manufacture
1.18 unit finished steel -¥
Product
Manufacture 1 unit steel in goods
0.18 unit 
prompt scrap
The exergy consumption in product manufacture is not considered in this analysis 
because of the difficulty in calculating an average exergy consumption for such a wide 
variety of manufacturing processes. As in the simple life cycle o f Ch 3 it is taken as a
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fixed and unchanging quantity. Thus there is no exergy consumption in this 
representation of product manufacture in the steel sector.
Product use
The use phase is where the steel-containing goods provide services to UK consumers 
(where the term is used in the broad sense to include industrial users). In use these goods 
can also cause additional exergy consumption e.g. in fuel for vehicles or electricity for 
appliances. However in this study this exergy consumption is not considered because it is 
only slightly affected by the steel content of the goods (e.g. lighter cars require less fuel) 
and because of the complexity of including this consumption for each of the hundreds of 
steel products in use. Instead this exergy consumption is considered to be constant, 
independent of other changes in the steel sector, and so does not need to be included.
Therefore the use phase has been simplified in this model to having two functions:
• It acts as a stock of steel, with steel goods remaining in use for the duration of their 
product lifetimes. In this model the overall product hfetime has been estimated to be 
15 years (to the nearest 5 years) [see Chapter 4-6]. Thus the steel emerging from use 
in 1994 is equal to that which entered 15 years previously; i.e. steel good demand in 
1979.
• It also acts to divide the steel emerging firom use into steel which is recovered and 
recycled, distinct from steel which becomes a waste and serves no further function in 
the economic system.
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Therefore we can define the exergy consumption of the use phase as being equal to the 
exergy transformed to waste, as shown in Figure 6-3-3.
Figure 6-3-3 Steel and associated exergy flows through the use phase
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where D(Y) is the demand for steel in year Y, L is the average product lifetime, r is the 
post-use scrap recycling rate, i.e. the proportion of steel emerging from use which is 
recovered for recycling, and the exergy consumption equals the exergy contained in the 
steel which becomes waste.
The amount of steel going to waste from use is therefore dependent on both the supply of 
obsolete steel product and the demand for post-use scrap. The former is equal to the steel 
good demand in 1979 (assuming a fifteen year lifetime). The latter is calculated by 
assuming that the post-use scrap makes up the shortfall in scrap supply that is not 
provided by home scrap, prompt scrap and scrap imports. The demand for scrap is 
formed by the demand from iron and steel production processes, demand from elsewhere 
in the economy and from exports. Thus the post-use scrap demand is dependent on many
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other aspects of the system. These are described below and the post-use scrap demand is 
calculated from these in a later section.
Trade in finished steel, steel goods and scrap
Steel is exported and imported from the system in three forms: finished steel, steel- 
containing products (e.g. cars, domestic appliances), and as scrap. Trade by mass in both 
finished steel and scrap for 1994 was detailed in ISSB (1996) statistics and is shown in 
Table 6-3-2. The trade in steel due to trade in steel goods was calculated by analysing the 
tonnages of all the steel-containing goods imported into and exported from the UK in 
1994 [HMSO 1995] with estimates of their steel content to turn these into tonnages of 
steel [IISI 1996]. The net trade in packaging steel was assumed to be zero as there were 
no statistics detailing this trade (trade statistics state the product and not the packaging). 
Table 6-3-3 and Figure 6-3-4 show the main imports and exports of steel goods in tonnes 
and their corresponding tonnages of steel.
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Table 6-3-2 Steel imports and exports due to trade in steel-containing goods.
PRODUCT
(metric
tonnes)
Mass of 
products 
imported
Mass of 
products 
exported
Steel 
content 
(Mass steel/ 
Mass 
product)
Steel 
imported 
in products 
(mass)
Steel 
exported 
in products 
(mass)
Net trade 
(imports - 
exports)
Structures 
and parts of 
I&S
89303 211258 1 89303 211258 -121955
Screws, 
bolts I&S
128557 48375 1.05 134984 50794 84191
Rotating 
electric plant
57243 117179 0.5 28621 58589 -29968
Tractors 66498 225190 0.9 59848 202671 -142823
Civil
engineering 
and plant 
equipment
157667 306934 0.9 141900 276240 -134340
Other
machinery
92403 140147 0.7 64682 98102 -33420
Mechanical
handling
equipment
166298 223593 0.9 149668 201233 -51565
Non­
electrical 
parts for 
machinery
21863 20007 0.7 15304 14005 -1299
Motor cars 
and other 
vehicles
1312308 712191 0.85 1115461 605362 510099
Goods
vehicles
212427 181341 0.95 201805 172274 29532
Parts and 
accessories 
for vehicles
1200925 675652 0.7 840647 472956 367691
Motorcycles 58683 14675 0.57 33449 8365 25085
Total 3564175 2876542 2875677 2371852 503825
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Figure 6-3-4 Trade in steel due to trade in steel containing goods (major contributors 
only).
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Table 6-3-3 Trade in steel due to trade in finished steel, scrap and steel-containing goods
1994 / kt Imports Exports Net trade 
(imports-exports)
Finished steel 5967 8550 -2583
Steel scrap 85 3594 -3509
Steel in steel goods 2875 2372 504
Total 8927 14516 -5589
The net flow of steel across the system boundary is therefore an export of 5.6 million 
tonnes per annum. According to the methodology of exergy analysis used in this study 
the exergy contained in this flow of steel has to be accounted for. Therefore the UK steel 
sector exported 38 PJ of exergy in 1994 as steel. This net outflow can be considered as a 
useful product of the system to the global steel system, so accordingly this should be
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subtracted from the exergy consumption for the system (Exergy consumption = exergy 
inputs - exergy in useful outputs).
Having accounted for the mass of steel leaving the system due to trade in finished steel 
and steel goods, the total amount of steel flowing to product manufacture and use can be 
calculated. Figure 6-3-5 shows how these flows link iron and steel production, product 
manufacture and steel use. This allows the total flow of steel to UK use to be calculated. 
For 1994 this was 13.2 million tonnes.
All annual flows are normalised, where appropriate, by dividing by this figure to give the 
result per tonne of steel delivered to use. Repeating these calculations for the year 1979 
(one product lifetime prior) gives a mass of steel to use of 16.0 million tonnes. This 
figure is important for the calculation of the amount of scrap in steel waste.
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Figure 6-3-5 Mass offlows from  iron and steel production to product manufacture and 
steel use. Flows in parentheses are normalised per tonne o f steel to use. (Sources: a - 
ISSB, b -HMSO, c -estimated, d  - inferred), * - includes flow offinished steelfrom stocks 
(ISSB).
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Steel recycling and scrap flows
Scrap is produced in steel production (home scrap), steel good manufacture (prompt 
scrap), and after use (post-use scrap). There is also some importation of scrap from 
outside the UK steel sector. The amount of home scrap has been calculated as the 
difference between crude steel production and finished steel production (ISSB 1996). 
Prompt scrap is generated according to the prompt scrap ratio discussed above. The only 
unknown is the amount of post-use scrap which is recycled. This has to be calculated as 
the amount of steel which makes up the difference between total scrap demand and that 
supplied by home, prompt scrap and scrap imports, assuming that there is 100% recycling 
of home and prompt scrap.
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The demand for scrap arises from demand from UEC iron and steel producers, some 
demand from other UK industry, and demand from foreign steel producers to which the 
UK steel sector exports scrap. These quantities are given in the ISSB [1996] statistics. 
Using this information we can calculate the total amount of recovered post-use scrap. 
This is summarised in Table 6-3-4.
Table 6-3-4 Supply and demand fo r  steel scrap in 1994 (Source a -ISSB, b- estimated, c- 
inferred) .
Demand 
for scrap
Supply 
of scrap
UK steel 
and Cl 
prod, (a)
Export
(a)
Other(a) Home(a) Prompt(b) Import(a) Post-use(c)
Total 1994 
(kt)
7.8 3.6 0.5 1 .8 2 . 1 0 . 1 7.7
Per tonne 
of steel to 
use 1994 (t)
0.522 0.272 0.040 0.140 0.160 0.006 0.584
From this calculation of the amount of post-use recycling and the estimated amount of 
steel leaving the use phase (i.e. demand for steel in 1979), the post-use recycling rate (i.e. 
that percentage of the steel emerging from use which is actually recovered and recycled) 
can be calculated to be 48% meaning that in the use phase 52% of steel in products ends 
up as waste material (Figure 6-3-6). Although this is derived from quite a simplistic 
treatment of the dynamics of scrap recycling it does show that a substantial proportion of 
the steel in obsolete steel goods is disposed of or simply not recovered. This figure is 
surprisingly high for a material that is ‘ 100 % recyclable’ and which has significant value 
(Average scrap prices are ~£50£/t [Material Recycling Week 1997]), but does mean that
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there is still physically a large source of steel scrap available for use should scrap 
requirements increase.
Figure 6-3-6 Demandfor post-use scrap in 1994 and steel emerging from  use in 1994 
(1979 demand fo r steel goods)
1200C
Post-use recycling rate = 48%
UK steel demand 1979 Post-use scrap demand 1994
Conventionally the recycling rate is calculated by dividing scrap used in steel production 
(including home and prompt scrap) by steel production in the same year. For this system 
calculating the recycling rate in this way gives a figure of 48%. This is similar in 
magnitude to the post-use recycling rate, but this is only coincidental as it bears no 
relation to the effectiveness with which steel scrap is recovered from use - for instance 
scrap exports are not included. One other reason behind the similarity is that flows in the 
steel sector vary relatively little over the product lifetimes, so the introduction of a 15 
year time lag does not have a major effect. One could imagine a materials sector where 
growth is rapid relative to the average product lifetime, in which these recycling rates
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would be radically different. Indeed this could also occur in the steel sector at another 
point in time.
The exergy consumption in post-use scrap recycling in this study is limited to that 
required to transport the steel to the steel plants and that required to shred it. 
Transportation of the scrap is examined in the next section. Scrap shredding is estimated 
in Chapter 3 to be 0.24GJ/t of steel shredded. For every tonne of steel delivered to UK 
use in 1994, 0.58t are recycled post-use. Assuming this is all shredded, the exergy 
consumption due to shredding is 0.14 GJ/t of steel to use.
The amount of post-use scrap recycling does have an additional effect on the overall 
exergy consumption in the SSI steel sector. This is due to its relationship to the amount 
of exergy in the steel which ends up as waste. Higher recycling rates will lead to less steel 
becoming waste and hence a reduction in the total exergy consumption (all other things 
being equal). In total 8.3 Mt, or 0.63t per tonne of steel to use, of steel are calculated to 
have become waste in 1994. Multiplying these figures by the specific exergy of steel 
(9.6GJ/t) gives the annual amount of exergy consumption in the use phase was 57PJ in 
1994 or 4.3 GJ per tonne of steel delivered to use.
Higher recycling rates also have potential to influence the overall exergy consumption in 
the steel sector as it enables greater use of the less exergy consuming, EAF method of 
steel production. However, set against the savings in exergy consumption is the extra
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exergy consumption in the additional process steps (e.g. shredding, shearing) and in the 
extra exergy use in transport which is examined below.
Transportation
The exergy consumption due to transportation of materials is dependent on the mass of 
materials, the distance they have to be moved and their mode of transport. The exergy 
consumption per tonne-km has been given in Chapter 4 for the modes of interest in this 
study, and these estimates are used for the calculation of exergy consumption in this 
model. This section looks separately at transportation of materials between processes in 
the steel sector within the UK borders (intra-UK) and transport due to the importation of 
materials from other countries to UK borders (extra -  UK).
First we consider the transportation mass flows and exergy consumption due to 
importation. This includes the importation of iron ore, coking coal, finished steel, steel 
products and steel scrap.
Iron ore The mass o f iron ore and the countries of origin of the imports for 1994 are 
given in ISSB (1996) statistics. These are shown in Table 6-3-5, which also shows how 
the average km per tonne of ore has been calculated. Using the specific exergy 
consumption for ocean transport given in Chapter 4 the exergy consumption is 43PJ p.a. 
or 3 .2GJ per tonne of steel to use.
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Table 6-3-5 Calculation o f transportation distance for iron ore(ISSB 1996)
Country of origin Estimated distance 
from UK 
(UNCTAD 1974) 
km*
kt iron ore Gigatonne-km
Australia 41000 7365 302
Brazil 18000 2204 39.7
Canada 10440 3346 34.9
Mauritania 7200 716 5.1
Norway 500 1335 0.7
Spain 500 842 0.4
RSA 23800 2267 53.9
Sweden 500 196 0.1
Venezuela 15800 1193 18.9
Other 4000 (estimate) 2 0.0
Total 19467 456
Average km 
transport 
associated with 
each tonne of ore
23400
*- Doubled to account for empty return voyage
Coking coal -  The statistics for trade in coal do not detail the country of origin of the 
different types of coal imported into the UK. Almost all coking coal is imported, whereas 
only a small amount of coal for power generation is sourced outside the UK [HMSO 
1995; DTI 1997]. For the purposes of this study it is assumed that all coking coal is 
imported from abroad in 1994, while coal for power generation is produced domestically. 
The transport distances for the imported coking coal were estimated by assuming that the 
importation of coking coal followed the same pattern as for the total imports of all coal to 
the UK, which are given in the trade statistics for the UK [HMSO 1995] broken down as 
percentage by mass and country of origin for total coal imports. Table 6-3-6 shows the 
calculation of the average distance travelled by each tonne of imported coal. The total
245
mass of coking coal supplied to the steel industry was calculated from the process 
demand for coking coal from BFBOF steel production and cast iron production. Chapter 
4 showed that this was 0.591 per tonne of finished BFBOF steel, and 0.28 t per tonne of 
cast iron. Thus the total mass of coking coal imported in 1994 for use in the steel sector 
was 7.1 Mt. This was assumed to travel between exporter and the UK by sea freight. 
Therefore the total exergy consumption is 16.2PJ p.a. or 1.2 GJ per tonne of steel to use.
Table 6-3-6 Calculation o f the average distance o f each tonne o f imported coal (Source 
HMSO Trade Statistics 1995)
Country Distance kt coking coal Gt-km
Austraha 41000 3588 147
Canada 10440 829 8.6
Colombia 15800 122 1.9
Indonesia 28000 44 1.3
Latvia 500 11 0.0
Lithuania 500 6 0.0
Poland 500 783 0.4
RSA 23800 3 0.1
Russia 1000 68 0.1
USA 10400 2586 27.0
Vietnam 28800 4 0.1
Total 8065 186.7
Average km 
transport 
associated with 
each tonne of 
coking coal
21730
Finished steel imports- The countries of origin and mass of imports in finished steel are 
given in ISSB [1996] statistics, see Table 6-3-7. Using these distances, mass flows and
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exergy consumption per tonne-km for each mode of transport, gives an exergy 
consumption of 3.2 PJ per annum and 0.24 GJ per tonne of steel to use.
Table 6-3-7 Calculation o f average distance offinished steel imports.
Region Distance km kt finished steel Mt-km
EU 500 5114 2557
Other W. Europe 500 173 86
E. Europe 1000 454 454
Africa 5000 85 170
America 10400 71 355
Asia 25000 65 1625
Oceania 40000 4 160
Other 5000 1 5
5967 5276
Average km 
transportation 
associated with the 
importation of 
finished steel
884
Steei good imports- The countries o f origin and mass of imports of steel goods are 
estimated by looking at the countries of origin of cars (Table 6-3-7) which form the 
largest percentage of the steel good imports, and is taken to be representative for all steel 
goods. Making this assumption gives an average importation distance of 4200 km for 
each tonne of steel. The corresponding exergy consumption is 7.3 PJ per annum and 
0.55GJ per tonne of steel to use for the transportation exergy consumption associated 
with steel good imports.
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Table 6-3-8. Country o f origin for the importation o f cars and the calculation o f the
% from
e ach
country
kt D istance
travelled
tonne-km
% of total 
im ports
1 2 8 7 5 6 7 7
F ra n ce 21.1 6 0 8 1 3 9 1 0 0 0 6.1 E+08
Belgium 19.2 5 5 1 1 6 5 1 0 0 0 5.5E +08
N etherlan
d s
1.7 4 8 5 1 9 1 0 0 0 4.9E +07
G erm any 2 5 .4 729561 1 0 0 0 7.3E +08
Italy 3.8 109576 1000 1.1 E+08
Ireland 0 .2 4 9 5 6 1 0 0 0 49 5 6 0 6 2
Spain 1 0 .2 29 4 6 4 3 1 0 0 0 2 .9E +08
O ther EC 0.0 473 1 0 0 0 472529
S w ed en 1.6 4 7 3 1 7 1 0 0 0 4 .7E +07
Finland 0.1 3 6 2 4 1 0 0 0 36 2 4189
US 2.1 6 0 1 7 2 1 0 4 4 0 6.3E +08
C zech . 1.0 29 1 6 3 1 0 0 0 2.9E +07
E stonia 0 .6 1 7266 1 0 0 0 1.7E+07
M alaysia 1.2 3 4 5 7 2 2 8 8 0 0 1E+09
S Korea 1.2 3 4 6 4 8 2 5 0 0 0 8.7E +08
Ja p a n 10.0 286931 2 5 0 0 0 7.2E +09
Total 99 2 8 6 0 7 2 3 1.2E +10
A v e ra g e  
km  fo r  
e a c h  
to n n e  o f  
im p o r t
4232 .4
Steel scrap imports- The countries of origin and mass of imports in steel scrap are given 
in IS SB [1996] statistics, see Table 6-3-9. The mass of imported scrap is so small 
however that the importation distance is o f little consequence. Nevertheless this is 
included for the sake of completeness.
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Table 6-3-9 Country o f origin o f scrap imports and the average shipping distance
Country Distance km kt scrap imports Mt-km scrap 
imports
Ireland 500 2.6 1
Germany 500 27 14
USA 10440 9.5 99
Russia 1000 8.4 8
Other EU 500 9.2 5
Other 3000 28.6 86
Total 85.3 213
Average km 
transport associated 
with scrap
2490
The overall exergy consumption in transportation due to importation of steel, scrap and 
steel goods is shown in Table 6-3-10.
Table 6-3-10 Tonne-km, mode o f transport, and exergy consumption per annum fo r  the 
importation o f  materials
Distance (km), mode Annual mass flows (kt) Exergy
consumption PJ
Coking coal 21730, sea freight 7933 16.2
Iron ore 23400, sea freight 18225 42.7
Finished and semi­
finished steel
884, 50% sea freight, 
50% truck
5967 3.2
Steel good importation 3660, 50% sea freight, 
50% truck
2876 7.0
Steel scrap 2500, 50% sea freight, 
50% truck
85 0.1
Total 69.2
The major contributors to transport exergy consumption are the importation of coking 
coal and iron ore. The countries of origin of these materials are very distant from the UK. 
These happen to be the places which have large, rich deposits of iron ore and coking coal 
which can produce the raw material so cheaply that, even with the added transport costs,
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it can undercut production closer to the point of use. The evolution of these trading 
patterns and their relationship to exergy consumption in mining will be examined more 
closely in the next chapter.
The transportation of materials within the UK (intra-UK transport) has been calculated by 
estimating distances and mode of travel between each process in the steel sector and then 
multiplying these by the mass of material moved and the relevant exergy consumption 
per tonne-km. The transport stages considered and the estimations of distance and mode 
are shown in Table 6-3-11.
Table 6-3-11 Exergy consumption fo r  transport within the UK per tonne o f steel to use.
Transport stage Distances Mass for transport 
(t)
Exergy
consumption MJ
Finished steel to 
manufacture
100 km, truck 0.64 33
Finished steel 
imports
100 km, truck 0.42 50
Finished steel 
exports
100 km, truck 0.61 71
Cast iron to use 100 km, truck 0.06 3
Steel goods to use 100 km, truck 0.73 39
Steel goods export 100 km, truck 0.17 20
Steel goods import 100 km, truck 0.20 24
Prompt scrap to 
steel production
100 km, truck 0.16 9
Post-use scrap to 
steel production
200 km, truck 0.54 42
Scrap imports 100 km, truck 0.01 1
Scrap exports 100 km, truck 0.26 30
Scrap to landfill 100 km, truck 0.85 35
Total 356
While the total exergy consumption of 0.4 GJ per tonne of steel to use for transport 
within the UK is not insignificant, it should be borne in mind that most of these transport
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stages are to a large extent ‘fixed costs’ of the system dictated by the geographical 
distribution of users and production sites. There are some possibilities for changing this 
distribution relating to the size of steel plant. For instance EAF plants are generally 
smaller scale than BF-BOF plants, so that they could in principle be located on average 
closer to consumers and also to scrap supplies. This reduction in exergy consumption in 
transport due to de-centralisation would have to be considered against any benefits of 
increased thermodynamic efficiency from having larger scale plants.
Summary of the SSI representation
Looking at the overall flows in the SSI model (Figure 6-3-7) allows their relative 
magnitudes to be compared. It is apparent that trade in finished steel, steel scrap and steel 
goods all play an important role in either draining steel from the system or acting as 
sources. There is also a large recycling flow within the system, taking scrap from steel 
production, product manufacture and product use and returning it to steel production. 
However it is obvious from the diagram that both prompt and home scrap are diverted 
into this recycling loop before the steel has performed any useful function. The amount of 
steel which ends up as waste is substantial, being similar to the amount of finished steel 
exported.
The basic structure is a system with an input source of steel provided by the BFBOF 
route and imports of finished steel, steel goods and scrap and with output sinks of waste, 
and exports of steel. Inside the system there is significant recirculation of the steel in the
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recycling loop and also steel in the stock of steel in use. This stock causes the inputs and 
outputs of steel in the use of the steel goods to be of different magnitude. Overall, on a 
material basis, the system is part-way between a closed loop and a linear flow. The 
departure from closed loop corresponds to the losses of steel from the system.
With regard to exergy flows the picture is somewhat different, principally because exergy 
is not conserved. Therefore the inflowing exergy is eventually either destroyed and ends 
up in a non-useful form, or is exported from the system as a useful product, or remains in 
the system as a material in use. The exergy consumption is equal to the exergy of the 
inputs minus the useful outputs from the system (exports of steel), as shown in Figure 6- 
3-8. This measures what has actually been used up thermodynamically in the economy, 
and can never be used again. This gives a simple, unambiguous answer to the question: 
‘How much exergy was used to deliver one tonne of steel-containing product to use in the 
UK in 1994?’. The answer is 28.1 GJ of exergy. The breakdown is shown in the Table 6-
3-12 and Figures 6-3-8 & 6-3-9.
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Table 6-3-12 Summary o f exergy consumption per tonne o f steel to use in the SSI model
o f the steel sector o f the UK.
Process Exergy consumption 
(GJ/t)
% of total
Iron and steel production and product 
use
20.9 73
Product use 4.3 15
Trade in steel (negative because it is a 
net export, or useful product)
-2.9 10
Transport of importation of materials 
to UK
5.2 18
Post-use scrap shredding 0.1 0.5
Transport within UK 0.4 1
Total 28.1 100
Figure 6-3-8 Exergy flows fo r  the UK steel sector per tonne o f steel to use (SSI)
UK Steel SectorExergy input 
31.0 GJ/t Useful exergy output 
(steel export) 2.9GJ/tTotal exergy consumption 28.1 GJ/t
SERVICES FROM 
STEEL GOODS
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Figure 6-3-9. Summary o f exergy consumption per tonne o f steel to use in the SSI model
o f the steel sector o f the UK.
20.0
15.0
Trade in steel, steel goods 
and scrap
Extra UK transport
0  Intra UK transport
Iron and steel production
■  Post-use scrap processing
Steel product use (15 yr 
lifetime)
The major area of exergy consumption was in the production of steel, with the BF-BOF 
route accounting for 81%, EAF 17% and Cl 2% of the total exergy consumption in steel 
production. However these were not the sole contributors to the overall system’s exergy 
consumption. The use phase is also a significant consumer of exergy in converting 
finished products to waste. It can be seen that decreasing the amount of steel waste will 
reduce the overall exergy consumption of the system. In addition, this would enable an 
increased proportion of the less exergy consuming EAF steel production process to be 
use, reducing the system’s exergy consumption.
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Transportation due to trade in materials is also shown to be a significant exergy 
consumer, especially that connected to raw materials. The exergy consumption in 
importing iron ore and coking coal and steel accounts for 18% of the total exergy 
consumption - a significant amount which is solely due to the different locations o f raw 
material deposits and steel producers. In comparison exergy consumption due to transport 
within the UK is insignificant. Nevertheless it is evident that changing transportation 
patterns could be considered as a means of reducing exergy consumption o f the system.
The analysis of trade in steel shows that this is an important consideration and that the 
UK has strong links (thermodynamically) with the rest of the global steel sector, both 
exporting and importing exergy within the finished steel, steel goods and scrap. Overall 
the UK steel sector is a net exporter of finished steel, steel goods and scrap which results 
in a lowering of the total exergy consumption of the UK steel sector to account for this 
output from the system. From a systems viewpoint this exergy export is the useful 
product of the UK steel sector.
It should be borne in mind though, that this steel for export was produced within the UK 
steel sector through the consumption of a significant amount of exergy in UK steel 
production processes - far more than is contained in the exported steel. As the UK steel 
sector as a whole is a net exporter of steel this implies other countries are net importers of 
steel. Therefore some of the exergy consumption within the UK steel sector (SSI) is 
solely to provide steel (in all its forms) for use in other countries’ steel sectors. In a sense 
they will be ‘free-riding’ on the UK steel sector (SSI), and have (if their technology is
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not radically different to that of the UK) a lower overall exergy consumption for their 
steel sectors per tonne of steel delivered to use.
Taken to extremes, this would suggest that one possibility to reduce the exergy 
consumption in a country’s steel sector would be to close all domestic production 
processes and import all the steel required for use from abroad - totally ‘free-riding’ on 
steel production from other countries. The overall exergy consumption would then only 
equal the amount of exergy in the steel which ends up as waste Figure 6-3-10.
Figure 6-3-10 A steel sector which imports all its steel goods
To waste I
Steel good import Steel good 
use
J .National boundaryScrap
Steel sector with 
minimum exergy 
consumption
Exergy consumption = Exergy in steel imports - exergy in scrap exports 
(Based on UK use this would give a consumption of 4.2 GJ /t steel to use).
Obviously this is in no way a satisfactory solution to reducing the exergy consumption of 
the steel sector as the steel still has to be produced somewhere, so this would not be a 
feasible option for all countries in the global steel sector. Indeed even if it was followed 
by one country, it could lead to the steel being produced by more exergy-consuming steel 
processes in other countries where the steel sector is less technologically advanced 
leading to an overall global increase in exergy consumption.
257
This is an example of how local optimisation of a country’s sector of the global steel 
sector does not necessarily lead to an improvement in the global exergy consumption.
In later chapters we will be looking at means to reduce the exergy consumption in the 
steel sector. On the basis of the preceding discussion it is necessary to avoid any 
strategies for reduction which result in local decreases on the one hand, but global 
increases in exergy consumption on the other. Therefore any optimisation strategy for the 
SSI model should be under the constraint that it will also lead to a reduction in the global 
exergy consumption. The only way of ensuring this - without analysing the entire global 
steel sector - is if the links between the UK steel sector and the rest of the global steel 
sector are kept constant. This means that trade in steel must be kept constant under any 
proposed scenarios for reducing the resource consumption of the UK steel sector. This 
excludes scenarios for the reduction of exergy consumption such as those shown in 
Figure 6-3-10. This constraint will be returned to in later Chapter 8 when the 
optimisation of this sector is examined.
4. SS2 representation of the UK steel sector 1994
In this model, the system comprises those processes linked to UK use of steel goods. This 
includes all processes from extraction of raw materials to eventual disposal or export 
from the system, in proportion to the mass required by UK use. The overall exergy 
consumption of this system can be thought of as the exergy consumption directly linked 
to steel good use in the UK. The calculation of these material flows and the exergy 
consumption for each stage in the life cycle are outlined below. It will be noted that this
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requires many assumptions and estimates to be used. These are necessary due to lack of 
data and the complexity of the links between processes. Thus the analysis is likely to be 
less accurate than the previous model.
Steel good use and steel good manufacture
Steel good use is taken to be identical to that calculated in the previous model. The steel 
goods are manufactured both in the UK and by manufacturers in other countries. The 
latter are collectively termed Rest of World (RoW) manufacturers. The quantities and 
countries of origin of these steel goods is the same as in the previous model, except that 
in this model the RoW manufacturing of products for UK use is included within the 
system boundary and the UK manufacture of products for export from the UK (i.e. for 
RoW use) is excluded. The annual flows and flows per tonne of steel to use are shown in 
Figure 6-4-1.
The flow of cast iron to use is included as a direct flow from UK domestic production to 
UK use. There are assumed to be no imports of cast iron from other sources. This 
assumption is necessary due to a lack of any further data for cast iron.
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Figure 6-4-1 Manufacture o f steel goods for UK use (Total flow in M t shown in hold,
flows per tonne o f steel to use in tonnes shown in italics)
O.SMt
0 .0 6 1Prompt scrap 
1.7 
0.13
Prompt scrap 
0.5 
0.04
9.5 M t
0.72
2.9
0.22
Post - use scrap 
7.7Mt 
0.58 Steel to waste 8.3
UK
Manufacture
R o w
Manufacture
UK
Use
UK C ast iron 
production
0.60
The post-use scrap flow (i.e. that amount of steel which is recovered from obsolete steel 
goods) is the same as that from SSI and will be used to satisfy scrap demand in steel 
production (both UK and RoW) in this system, with any excess exported to other steel 
sectors. The mass of steel to waste is consequently also the same as in the previous 
model. Prompt scrap is generated at 15% of the input finished steel; this is assumed to be 
recycled in the same processes which produced the finished steel for manufacture. The 
recycling loops will be summed together and analysed in more detail in a later section.
Steel Production
Steel production to UK manufacture for UK use comes from two sources; UK steel 
production and steel production from the rest of the world. From SSI we know that UK 
manufacturing in total imports 43% of its finished steel, while 57% comes from domestic 
production. Thus of each tonne entering manufacture 0.43t is imported from RoW steel 
producers and 0.57t arises from UK steel production. As the total flow through UK
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manufacture is 0.72t/t steel to use, 0.38t/t steel to use is produced in RoW countries and 
0.46t/t steel to use is produced in the UK.
UK steel production is made up of 25% EAF and 75% EOF, according to ISSB (1995). 
RoW steel production is calculated by taking the weighted (by mass of imports) average 
of the steel production mix of the country o f origin of the finished steel imports (Table 6-
4-1).
Table 6-4-1 Mass, country o f origin and steel production mix o f finished steel imported to 
UK
Country Mass of finished 
steel imported
% BOF:EAF:(OH) 
by mass [IISI 1996]
Austria 82 90.2: 9.8
Belgium 626 85.2: 14.8
Denmark 91 0: 100
Finland 209 79.6: 20.4
France 775 65.9: 34.1
Germany 1519 78.2: 21.8
Ireland 77 0: 100
Italy 380 42.5: 57.5
Netherlands 480 96.4: 3.6
Spain 397 41.1: 58.9
Sweden 307 63.9:36.1
UK 135 74.7: 25.3
Norway 107 0: 100
Czech Rep. 102 83.2: 10.1: (6.7)
Poland 101 63.3:22.0: (14.7)
Romania 93 56.5: 26.0: (17.4)
USSR 113 43.4: 12.5: (44.1)
RSA 74 61.2: 37.8
Total for ROW 5679 68.0 : 30.5 : (1.5)
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Figure 6-4-2 Mass flows for steel to UK steel good manufacture (Total flow  in M t shown
in bold, flows per tonne o f steel to use in tonnes shown in italics)
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0.46tCast iron 0.8 Mt 0.06 5.10.38
Steel goods 9.5 Mt
0.72 Iron & Steel goods to UK use > 10.3 Mt
RoW  Steel 
P roduction
UK
M anufacture
UK Iron & S teel 
Produotlon
0.78
The RoW steel production processes are assumed to conform to the BOF and EAF 
processes analysed in earlier chapters. There is also some open hearth production in RoW 
production, which is taken to be described by the exergy analysis of the open hearth 
process detailed in Chapter 4. Using these specific exergy consumptions, the total 
specific exergy consumption in steel production for UK manufacture per tonne of steel to 
use (SS2) can be calculated to be 14.9 GJ (Table 6-4-2). The equivalent total annual 
exergy consumption is 210 PJ.
Table 6-4-2 Exergy consumption in steel production fo r  UK manufacture (SS2) per tonne 
o f steel to use.
Origin o f steel Method of 
production
Mass flows per 
tonne of steel to 
use t
Specific exergy
consumption
GJ/t
Exergy
consumption
GJ
UK EAF 0.12 11. 1.39
BFBOF 0.34 19.4 6.55
Cast iron 0.06 7.3 0.47
RoW EAF 0.12 11.6 1.36
BFBOF 0.26 19.4 5.02
OH 0.01 21.2 0.13
Total 0.91 14.91
262
Finished steel for RoW product manufacture of goods for UK use arises both from RoW 
steel production and also from UK steel production which is re-imported back for UK use 
after good manufacture. Unfortunately it is very difficult to trace how much UK steel for 
export is re-imported, so this was guessed to be 5% of total UK exports of finished steel. 
The remainder of steel for RoW manufacture is produced from RoW steel production. 
Because the exact country of origin of this steel is equally difficult to trace, a global 
average steel mix by tonnes of finished steel produced (BOF:58.5%, EAF 27.7%, OH 
11.9% [IISI 1996]) has been used to estimate the method of production o f this steel. This 
is different to the mix calculated in Table 6-4-1 which is a weighted average based on UK 
imports. These calculations give the steel flows for RoW manufacture illustrated in 
Figure 6-4-3.
Figure 6-4-3 Mass flows fo r  steel to RoW  steel good manufacture (Bold- annualflow, 
italics- flow s per tonne o f  steel to use)
3.0
0.220.4Mt0.0 3t
Steel goods to 
UK use 
2.9
Row
Manufacture
RoW Steel 
Production
UK Steel 
Production
0.22
The exergy consumption due to steel production for RoW manufacture is calculated 
according to the method of steel production and the mass of steel produced by that 
method (as for steel production for UK manufacture). This is shown in Table 6-4-3.
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Table 6-4-3 Exergy consumption per tonne o f  steel to use in steel production fo r RoW  
manufacture (SS2)
Origin of steel Method of 
production
Mass flow Specific exergy
consumption
GJ/t
Exergy
consumption
GJ
UK EAF 0.01 11.6 0.09
BFBOF 0.02 19.2 0.43
RoW EAF 0.06 11.6 0.67
BFBOF 0.12 19.2 2.35
OH 0.03 21.2 0.53
Total 0.25 4.08
Summing the exergy consumption for steel production for both UK and RoW steel good 
manufacture gives 19.26GJ normahsed to one tonne of steel to use.
Mining
The mass flows from mining are determined by demand from the steel production 
processes. For simplicity, the demand for iron ore, coking coal and coal is calculated for 
all steel production processes according to the mix of processes with the demand for 
these materials from each production process as calculated in the process models in 
Chapters 3 and 4. These are summarised in Table 6-4-4.
Table 6-4-4 Iron ore, Coking coal, and Steam coal demand from each steel (and cast 
iron) production process per tonne o f  finished product
Process Mass iron ore Mass coking coal Mass steam coal
BFBOF 1.09 0.59 0.05
OH 0.81 0.38 0.03
EAF - - 0.16
Cl 0.19 0.28 0.01
This results in mass flows from mining as shown in Figure 6-4-4.
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Figure 6-4-4 Mass flows o f  raw materials from mining (Bold annual flows (Mt), italics: 
flows per tonne o f steel to use)
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All the mining processes are assumed to be identical to the Sishen iron ore mining and 
Hlobane coal mining processes discussed in Ch 3. This is a major simplification as the 
mines are bound to vary significantly and more types o f mining process should be 
included to get a better estimate of the exergy consumption in mining if this part of the 
supply chain proves to represent a significant part of the overall exergy consumption. 
Using the specific exergy consumptions for these mines the overall exergy consumption 
for mining iron ore and coal is calculated to be 0.56GJ/1 steel to use (SS2) (Table 6-4-5).
Table 6-4-5 Exergy consumption in raw material extraction
Mass flow Specific exergy 
consumption (GJ/t)
Exergy consumption 
(GJ)
Iron ore mining 0.87 0.08 0.07
Coal mining 0.45 0.89 0.40
Scrap recycling
The reasons for calculating the scrap flows in this model are twofold: 1) estimates can 
then be made of the exergy consumption of scrap transportation; 2) by calculating the 
amount of scrap recycled within this system, the amount of scrap exported/imported
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from/to the system can be calculated. The scrap flows are shown in Figure 6-4-5. The 
procedure for their calculation follows.
Home scrap is recycled within the steel production processes and is not directly 
accounted for in this model. There is no processing or transport associated with the 
recycling of home scrap.
It is assumed that prompt scrap is recycled in steel production processes in the country it 
originated from, and that this steel production feeds back directly into this system with no 
prompt scrap exported from the system. The prompt scrap ratio is 15% and the mass 
flows are shown in the section on steel good manufacture.
The post-use scrap for use in steel production is all generated in the UK from the use 
phase. From the results of the SSI model, we know that of the steel goods which become 
obsolete in 1994, 0.581 per tonne of steel to use are recovered and recycled and 0.63t are 
not^^. These flows are used in this model too.
This recovered steel is assumed first to satisfy all demand from iron and steel production 
processes within the system boundary, with any remainder being exported from the 
system. The demand for scrap (excluding home scrap) from steel production is calculated 
according to the scrap demand from the process models for BFBOF, OH, EAF, Cl. These 
are 0.13, 0.32, 1.01, 1.001 of scrap per tonne of finished product respectively. This leads
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to an overall demand from the steel production processes within the model o f 0 .481 of 
scrap (excluding home scrap) per tonne of steel good to use. The supply o f scrap is 0.58 t 
post-use and 0.171 prompt (all figures normalised i.e. per tonne of steel delivered to use). 
This leaves an excess of recovered scrap of 0 .271 which is exported from this system to 
other countries’ steel sectors. The flows of steel scrap are summarised in Figure 6-4-5. 
There are therefore ‘scrap-hungry’ countries which are net consumers of scrap whose 
steel supply is dependent on a higher proportion of EAF production. As in the previous 
model of the UK steel sector, the exergy contained in the scrap export, 1.86 GJ, is 
subtracted from the exergy consumption of the other processes.
Figure 6-4-5 Flows o f  prompt and post-use scrap in SS2. (Bold- Annualflow 1994 (Mt), 
Italics- flow s per tonne o f  steel to use )
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28 These do not sum to one because a greater mass of steel emerges from use in 1994 than enters use, 
resulting in 1.2 It leaving use per tonne of steel to use.
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Exergy consumption in scrap recycling is limited to transportation, which is covered in 
the next section, and shredding which -  as in the SSI model -  is calculated according to 
its specific exergy consumption (0.24GJ/t [Mayer Parry1997]) multiplied by the total 
post-use scrap recovery (0.58t) giving 0.14GJ/1 of steel to use (the shredding of exported 
scrap is assumed to be part of the SS2 system).
Transportation
As in the previous model, the exergy consumption in transportation is estimated from the 
mass transported, the distance travelled and the mode of transport used. The masses for 
transport have been calculated above. This section explains the estimates made for the 
other two factors between stages in the model.
For raw material transport we have assumed that, since the majority o f RoW production 
of finished steel which is imported to the UK is produced in Europe [ISSB 1996], the 
distance for ore and coking coal transport is taken to be the same as that for ore and 
coking coal delivered to the UK. The average shipping distance by ocean freighter for ore 
and coking coal is 23400 km and 21730 km respectively (as calculated in SSI).
The average import distance from RoW steel production to UK product manufacture is 
884km (the same distance as for imported finished steel in SSI), half by truck and half by 
ocean freighter. The distance from UK steel production to RoW product manufacture is 
assumed to be similar, i.e. also 884km.
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To estimate the distances for RoW steel production to RoW product manufacture requires 
further assumptions. An estimate of 500 km road transport has been used, with prompt 
scrap assumed to travel 100km by truck. Post-use scrap is assumed to be either recycled 
in the UK (200km, truck (as in SSI)), exported to RoW steel production within the 
system (1000km with half by truck and half by sea freight, from export destination of UK 
scrap [IS SB 1996]), or exported from the system for which no transport exergy 
consumption is attributed to this system. The importation distance for RoW steel goods to 
the UK is taken to be 3660km (the same distance as for imported steel goods in SSI), 
principally by sea freight. The exergy consumption associated with transportation 
including that o f the prompt and post-use scrap, is summarised in Table 6-4-6.
Table 6-4-6 Exergy consumption due to transportation in the UK steel sector (SS2 model)
Transportation stage Distance (km), mode Mass flow t/t steel to use Exergy consumption 
MJ/t steel to use
Coal 21730, sea freight 0.45 977
Iron ore 23400, sea freight 0.87 2036
UK steel production to 
UK manufacture
100, truck 0.46 69
RoW steel production to 
UK manufacture
880, truck 0.38 384
RoW steel production to 
RoW manufacture
500, truck 0.23 147
UK steel production to 
RoW manufacture
880, truck 0.03 29
RoW manufacture to 
UK use
3660, 50% sea freight 
50% truck
0.22 440
UK manufacture to UK use 100, track 0.78 100
Prompt scrap RoW to 
RoW
100, track 0.04 5
Prompt scrap UK to UK 100, track 0.13 18
Post-use scrap UK to Row 1000, 50% sea freight, 50% track 0.06 138
Post-use scrap UK to UK 200, track 0.26 18
Total 4360
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Summary of SS2 representation
Bringing together all these stages in this model gives the overall flows of steel and the 
main raw materials. These are shown in Figure 6-4-6. This sector only interacts with 
other countries’ steel sectors (defined in a similar way to SS2) through the export of 
scrap; all the steel production processes which are linked to UK use are contained within 
the system boundary including the mining, manufacture and scrap recycling processes. 
The model shows there is a well established recycling loop of steel. The only sink for the 
steel in the system is steel to waste, and the only outflow the export of steel scrap.
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Figure 6-4-6 Steel, steel scrap and raw material flows in SS2 1994
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Thermodynamically, the mechanism which drives these flows is the consumption of 
exergy provided by the fuels and materials entering each process. Knowing the 
magnitude of the steel flows through the processes along with their specific exergy 
consumption enables us to calculate how much exergy is consumed in this system 
providing steel goods for UK use. Summing together all the exergy consumptions
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calculated in the sections above gives a total exergy consumption per tonne of steel to use
in this model of the UK steel sector as 26.7 GJ. The disaggregated flows are shown in
Figure 6-4-7
Figure 6-4-7 Exergy consumption in SS2 by process.
30 26.7
25
20
6.5
4.3 4.43.8
0.60.4 0.1
Figure 6-4-7 shows that the main exergy consumption occurs in steel production with the 
use and transportation phases also consuming significant amounts of exergy. The mining 
process which is included here but not in SSI, appears not to have a significant impact on 
the overall exergy consumption. The UK steel sector is also shown to be a net generator 
of steel scrap, supplying the rest of the global steel sector.
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5. Comparison of the systems
The two preceding analyses lead to surprisingly similar estimates for exergy consumption 
per tonne of steel to use: 26.7 GJ/t for SS2 and 28.1 GJ/t for SSI per tonne of steel to 
delivered to use. The stages in the two systems are compared in Table 6-5-1. There are 
several reasons why the substantial differences in the structure of the models do not lead 
to significantly different results.
Table 6-5-1 Comparison o f the exergy consumption in SSI and SS2 systems.
Exergy consumption 
in SSI model
Exergy consumption 
in SS2 model
Difference
(SS2-SS1)
Iron ore mining - 0.1 +0.1
Coal mining - 0.4 +0.4
Steel production 20.9 19.3 +1.6
Product use 4.3 4.3 0
Extra-UK transport 5.3 -1.2
Intra-UK transport 
SSI, Total transport 
SS2
0.4 4.4
Trade -2.9 -1.8 -1.1
Total 28.1 26.7 -1.4
1) Steel in the form of finished steel, steel goods and scrap leaving each system accounts 
for-2.9G J (equivalent to 0.42t steel) for SSI and -1.8GJ (equivalent to 0.27t steel) for 
SS2 per tonne of steel to use. The difference between the two models is 1.1 GJ. This is 
because in the SSI model the exports in finished steel are nearly balanced by imports, 
while the net importation of steel goods is balanced by a smaller amount of scrap leaving 
the system than in the SS2 model. For these reasons the fact that the SSI model includes 
this trade in finished steel and steel goods across the system boundary whereas they are 
omitted from the SS2 model does not produce significant differences.
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2) The mix of steel production processes differs little between the systems, because the 
UK has a similar production mix to the global average. The impact of the inclusion of 
OH steel production and the slightly different proportions of BOF:EAF steel production 
within the SS2 system produce only small variations in the overall exergy consumption. 
Therefore, since the amount of steel produced in both systems is similar (because of the 
near trade balance in the SSI model), the exergy consumption in steel production 
between the systems is only 0.3 GJ greater in SSI than SS2.
3) The small exergy consumption in the mining processes, accounting for only 2% of the 
total exergy consumption in SS2, means their exclusion from the SSI model is not 
significant.
4) The overall exergy consumption due to transport is reasonably similar with the major 
flows of iron ore, coal, finished steel and steel goods being common to both models 
(although the SS2 model includes the transport of scrap to RoW steel production, RoW 
steel production to RoW manufacture and UK steel production to RoW manufacture). 
However the 1.1 GJ difference arises from the different amounts of iron ore and coking 
coal imported to each system. For coking coal and iron ore in SSI, the mass flows per 
tonne of steel to use are 0.601 and 1.38 t respectively; for SS2 these are 0.45 and 0.871. 
These differences arise less from the extra finished steel produced in SSI (SSI; 1.25 t 
finished iron and steel; SS2: 1.101 finished iron and steel) than from different demands 
for coking coal and iron ore per tonne of finished steel produced. This is due to the
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different production mix: SS2 has a higher proportion of EAF and OH which substitute 
scrap for coal and iron ore. There is also the slightly different accounting methods for the 
iron ore and coal imports: for SSI these were given in ISSB (1996) statistics, whereas in 
SS2 they had to be calculated from the process models for each method of steel 
production.
While in this case the representations chosen for the UK steel sector had little effect on 
the overall result, we can predict from the above analysis that this would not be the case 
for the analysis of any sector of the economy in which there was: a) a large net trade in 
the material, b) a large exergy consumption in mining, c) a production method within the 
country which differed markedly from those of the countries of origin o f imported 
material, or finally d) large exergy consumption in those transport stages specified in (4) 
above. In these cases the particular choice of model would make a large difference to the 
results of the exergy analysis.
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6. SS3 Representation of the UK Steel Sector.
The model which will be used for the remainder of the analysis will be based on the SSI 
system with the mining processes included [Figure 6-5-1]. The model will be termed 
SS3. Mining is included both for completeness and because it is hoped that this 
methodology will be followed for other materials for which mining may prove to be a 
much more significant consumer of exergy.
The SS3 model has been chosen because the data is more complete and more detail is 
available for the flows of iron and steel and for the exergy consumption in the processes 
when these are based on a national economy. Because of the need for less estimation, this 
model is more appropriate to identifying means of reducing waste in the UK steel sector 
despite the fact that any optimisation of this system will be constrained by the fact that 
UK trade with RoW in steel, steel goods and steel scrap has to remain constant.
The discussion above has shown that for the UK steel sector, as it stood in 1994, there 
will be much similarity between the results from the SS3 and the SS2 models. However if 
there are large changes to system such as a major change in the production mix of steel, 
the similarity might end. Therefore the results from this model are only really applicable 
to the representation of this type of steel sector.
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The overall consumption per tonne of steel to use in this model is shown in Table 6-5-2. 
The only difference from the SSI model is the inclusion of mining.
Table 6-5-2 Exergy consumption per tonne o f steel to use in SS3 1994
Area of exergy consumption Exergy consumption 
(GJ)
% of total
Mining 0.6 2
Iron and steel production 20.9 73
Product use 4.3 15
Trade in steel -2.9 -10
Transport extra-UK 5.2 18
Post-use scrap shredding 0.1 0.5
Transport intra-UK 0.4 1
Total 28.7 100
7. Conclusion
This chapter has shown that how one represents the UK steel sector affects the type of 
system and type of processes included within that system. In this case the results from 
different systems were quite similar showing that, currently at least, the analysis o f the 
UK steel sector is fairly insensitive to this choice of system boundary. However this 
results from particular features of the UK steel sector at the present time, and is not a 
general rule.
The effect o f trade in exergy-containing materials was also investigated. This has a fairly 
large effect on the exergy consumption of the system and should therefore be addressed 
in any analysis. Transport, particularly o f raw materials for the BF-BOF, was shown to
278
play a significant role in the overall exergy consumption. But the most exergy consuming 
processes in the steel sector was, perhaps unsurprisingly, the BF-BOF steel production 
and to a lesser extent the EAF. Mining had a minimal effect on the results.
Overall, in 1994 the UK steel sector (SS3) consumed 28.7 GJ of exergy per tonne of steel 
delivered to use (380PJ annually). This is 28.7 GJ of resources which can never be used 
again, either because their exergy has been destroyed or because they have been turned 
into a form which for which society currently has no further use for.
The next chapter will investigate the historical changes in exergy consumption and 
examine possible future scenarios and their impact on exergy consumption.
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Chapter 7 : The Thermodynamic Flows in the UK Steel Sector
1954-1994
‘Study the past, if you would divine the future.’ -  Confucius, Analects.
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Untroduction
This chapter examines how the steel sector, represented by SS3, has evolved in terms of 
exergy consumption over the past forty years (1954 -1994). This will help to identify 
whether, where, at what rate and why improvements to the exergy consumption of the 
system have occurred.
Knowing how the system has behaved in the past will then allow certain scenarios about 
its possible future development to be analysed in Chapter 8. The extent to which this 
sector of the economy is dematerialising (i.e. reducing the material and fuel intensity with 
which services are provided) can also be quantified. The trends which contribute to 
reduction in resource depletion are identified, as are those running counter to it.
An analysis of the sensitivity o f the model to various assumptions made in its 
construction is also carried out, to give an idea of the accuracy of the results.
2.Method
The exergy consumption according to the SS3 model has been calculated at five yearly 
intervals from 1954 to 1994. The method used is identical to that used in the previous 
chapter. First the mass flows through each process in the system are identified. These are 
derived from similar data sources (i.e. ISSB, IISI, and DTI). Where data has not been 
available, estimates have been used and these are indicated in the relevant section. These 
mass flows are then multiplied by the exergy consumption per tonne of product, or tonne-
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km in the case of transport, for each process and summed to give the total exergy 
consumption for the system.
Technological change and its effect on exergy consumption was accounted for in iron and 
steel production processes because of its significance to the overall exergy consumption 
of the sector. For all other processes the exergy consumption per unit output for each 
process was assumed to be constant with time. This overlooks the fact that there will have 
been changes (usually reductions as the technology of the processes improves) in this 
exergy consumption over the time period, however for these processes there was 
insufficient data readily available to make any estimation of these changes.
The results for each stage in the model are given in terms the total annual exergy 
consumption and normalised per tonne of steel in goods delivered to UK use. The annual 
exergy consumption includes the changing demand for steel and is therefore 
representative of the total exergy consumption caused by demand for services from steel 
goods. Thus it incorporates society’s changing demand for services, the amount of steel 
required to provide these services and the amount of exergy consumed to produce these 
goods. The normalised exergy consumption reveals how ‘efficiently’ the sector operates 
in delivering each tonne of steel to use.
The data sources, calculations and results for each stage in the SS3 representation of the 
steel sector are detailed in the next section. Raw data is given in Appendix D I -  XI.
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3. Results
Mining
The mass flows for iron ore and coal inputs to the system were taken from ISSB statistics 
for each of the years in question. The exergy consumption per tonne of product in mining 
both coal and iron ore is assumed to be constant over the time period as no data could be 
found to suggest any trends. Therefore each tonne of iron ore required 0.08 GJ/t ore, and 
coal 0.89 GJ/t coal [see Chapter 4-2 and 4-3 respectively]. So the changes in exergy 
consumption from 1954 to 1994 shown in Figures 7-3-1 (a) & (b) are solely due to 
variations in the mass of ore and coal required. Figure 7-3-1 (a) shows that the total 
annual exergy consumption for iron ore and coal mining has fallen. Coal mining shows 
the greatest reduction from a high of about 20PJ to a current consumption o f 7PJ, due 
mainly to the large reduction in coking rates to blast furnaces which has occurred over 
the past 50 years. This has reduced the amount of coal required per tonne of steel to use 
and is reflected in the reduced exergy consumption in coal mining in Figure 7-3-1 (b).
Figures 7-3-1 (a) & (b) also show that exergy consumption in iron ore mining has fallen. 
This is due to more efficient use of the iron ore in steel production so less iron ore is 
required per tonne of iron produced. This has been achieved by technological 
improvements such as blast furnace dust capture and recycling. Other factors influencing 
the demand for both these materials will become apparent in later sections.
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Figure 7-3-1 (a) Total annual exergy consumption in mining.
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Figure 7-3-1 (b) Exergy consumption in mining per tonne o f steel to use
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to  u s e
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The minimum visible in 1984 was caused by the effects of industrial action in the UK. 
This necessitated larger imports of finished steel to make up for the shortfall in domestic 
production, and as a result the total amount of coal used in the UK steel sector fell 
considerably.
Extra-UK Transport
The exergy consumption due to extra-UK transport includes all those transport processes 
outside the UK steel sector (SS3) system boundary which are attributable to the UK steel 
sector i.e. as discussed in Chapter 6-2, the imports to the UK SS3 steel sector. The mass 
flows for imports of iron ore, coking coal, finished steel, steel goods and scrap were 
calculated from the same data sources and using the same method as in the previous
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chapter. Similarly the distances were calculated by taking account o f the country or 
region of origin for these imports. More detail is shown in Appendix E I I  & IE. These 
mass flows and distances were converted to transportation exergy consumption by using 
the values for exergy consumption per tonne-km as calculated from ETH [1996] energy 
data [see Chapter 4].
The exergy consumption due to the importation of raw materials and steel to the UK is 
shown in Figures 7-3-2 (a) & (b). These show a marked increase due mainly to the 
increased distance travelled by the iron ore and coal from the source. The main increase 
occurred as domestic supplies of iron ore and coal were replaced by supplies from 
abroad, after the failure of the miners strike, (1984) and the end of fixed term contracts 
between British Steel and British Coal. There is also a slight rise in the exergy 
consumption due to the increased importation of finished steel and steel goods. Again no 
attempt has been made to account for the changes in exergy consumption per tonne-km 
which undoubtedly occurred as modes of transport became more efficient. Including this 
technological improvement might reduce the size of the apparent increase in this exergy 
consumption.
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Figure 7-3-2 (a) Total annual exergy consumption due to extra-UK transport 1954-94.
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Figure 7-3-2 (b) Exergy consumption per tonne o f steel to use due to extra-UK transport 
1954-94.
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Comparing the exergy consumption due to mining with the transportation of the products 
of mining (Figure 7-3-3) shows that, following a period where the exergy consumption of 
the sum of mining and extra-UK transportation declined, the reductions in the mining 
exergy consumption have subsequently been more than offset by increases in the exergy 
consumption due to the transport o f these goods. The increasing globalisation of trade in 
iron ore and coal therefore seems to result in more exergy consumption in the extraction 
and delivery of raw materials to the point of use in the steel sector. This suggests that, 
from a physical point of view, it might make sense to use mines closer to the steel 
production facilities even if those mines have a higher exergy consumption per tonne of
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output than those further afield. However the quality of the product is also a factor which 
may contribute to the exergy consumption downstream. For instance, ores with high iron 
content will lead to a lower exergy consumption in the blast furnace, so that the extra 
transportation exergy consumption in importing ores would be to an extent offset by a 
reduction in the blast furnace exergy consumption. These factors would need to be looked 
at in detail to arrive at any certain conclusions about optimum balance between the 
transport distance and mass of ore mined.
It is also worth making the point that, due to the finite size of the Earth, there is an upper 
bound to the transport exergy consumption per unit mass of material. Considering that 
about 40% of iron ore is currently imported from Australia, almost the maximum distance 
from the UK, current practice approaches this limit for raw material imports.
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Figure 7-3-3 Comparison o f exergy consumption in mining and transportation o f raw
materials per tonne o f steel to use.
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Iron and Steel production
The calculation of the exergy consumption in iron and steel production addresses the 
effects of both the changing methods of production (i.e. mix o f EAF: BFBOF:OH:CI), 
and the technological improvements in each method of production over the time period.
Assessing the extent of technological improvements in the individual production 
processes (i.e. BFBOF, EAF, OH and Cl) is complicated as the ISSB data on energy use 
is aggregated over the entire steel industry. Consistent data is also only available from
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1960 onwards. Nevertheless, despite these constraints, it is possible to arrive at a 
reasonable estimate of how the specific (per tonne of product) exergy consumption within 
each process has changed from 1954-1994. The procedure for converting the available 
data on steel industry energy input data to specific exergy consumption values for each 
process are described in this section. The main steps in the procedure are also shown in 
Figure 7-3-4.
Figure 7-3-4 Flow diagram showing stages and procedure fo r  converting ISSB steel 
sector energy input data to exergy consumption in each individual process.
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ISSB data on energy use in the UK steel industry from 1960 -  1994 (also in Appendix F) 
details the masses of fuels and amount of electricity input to the iron and steel industry as 
a whole. Multiplying by the relevant calorific value for each category of fuel gives the 
energy inputs to the steel industry. Division by the amount of finished steel produced in 
each year gives the energy inputs per tonne of finished steel in each year. This is shown 
in Figure 7-3-5, which shows a considerable decrease in the energy inputs: falling from 
around 60GJ/t in 1960 to 27GJ/t in 1994.
Figure 7-3-5 Energy inputs to steel production per tonne o f finished steel (all methods) 
1960 -  1994 [ISSB 1960-1994]
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The energy inputs are converted to exergy inputs using |3 ratios for each of the fuels 
except electricity. For electricity, in order to be consistent regarding system boundaries, it 
is necessary to take account of the exergy content of the fuels used to generate this 
delivered electricity. In Chapter 3 the exergy inputs required per GJ of UK electricity 
generated were calculated to be 2.7 GJ. This 1994 ratio is used to convert delivered
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electrical energy to primary exergy inputs over the whole time period. This is a 
simplification as it takes no account of the improvements in the generating efficiency of 
power stations, nor does it account for the change in fuel mix used in these plants. 
However because electricity is not a major fuel input to the industry this assumption is 
unlikely to have a significant effect on the general trend for technological improvement, 
given the other assumptions used in its derivation, which put limits on the overall 
accuracy o f the results.
In addition, in assessing the exergy inputs to the steel production processes, it is 
necessary to account for material exergy inputs to the steel production processes. As 
shown in the previous chapter, in terms of exergy content, this is principally scrap. The 
mass of scrap is estimated by multiplying the mass of iron or steel produced in each 
process by the scrap consumption ratio as calculated for 1994 in Chapters 3 & 4 and 
shown in Table 7-3-1. Each tonne of scrap represents an exergy input of 6.9GJ. Other 
material inputs are not considered as their contribution to the overall exergy input is 
minimal.
Table 7-3-1 Net scrap demand fo r  each process (taken from process analyses in Chapters 
3 & 4)
Process Scrap demand
(t/t finished steel or cast iron output)
BFBOF 0.13
OH 0.32
EAF 1.00
Cl 1.00
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The exergy inputs to the steel production process, thus calculated, per tonne o f finished 
steel are shown in Figure 7-3-6. The main visible changes from the energy input graph 
are the inclusion of scrap inputs and the greater share attributable to electricity use. 
Overall it shows that the exergy inputs per tonne of finished steel produced have fallen 
from 70 GJ/t to 34GJ/t in 1994.
Figure 7-3-6 Calculated exergy inputs to steel production per tonne o f finished steel (all 
methods) 1960 -1 9 9 4
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The exergy consumption is calculated by subtracting the exergy content of the tonne of 
finished steel produced (i.e. 6.91 GJ/t) from the exergy inputs. This gives an estimate of 
27.2GJ/t finished steel for the 1994 exergy consumption from the steel industry. In 
contrast, in the previous chapter using process models, the exergy consumption in steel 
production (70% BFBOF, 25% EAF, 5% Cl) was calculated to be 16.7GJ/t of finished 
steel.
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The discrepancy between these two figures is surprisingly large. Part of the difference is 
due to what is included in each set of figures. The ISSB energy data includes all fuels 
consumed in the steel industry and does not distinguish between fuels produced on site 
and those imported from outside. This means that ‘gas’ supply in the ISSB statistics 
includes not only natural gas, but also BF, BOF and coke oven gas leading to double 
counting of these fuel inputs, since they are derived from the coal input. Unfortunately 
the ISSB statistics are not in a form which allows this double counting to be resolved and 
consequently the derived energy inputs will be an overestimate, leading to higher values 
of the exergy consumption. In addition, the ISSB data does not account for by-product 
generation, from the BFBOF process, which is included in the process analysis, these 
were of the order of 0.5 GJ/t in 1994.
One other difference between the two methods of calculating the exergy consumption is 
due to the fact that the ISSB data includes all steel plants whereas the process analysis is 
based on data from two plants in a particular month of operation. Both of these plants are 
efficient relative to the rest of the steel producing processes. In addition, the calculated 
energy figures will be sensitive to the assumed calorific values used in the conversion of 
the masses to energies. Discrepancies between these calorific values and those used in the 
less aggregated process models could account for the difference between the two methods 
of calculating exergy consumption.
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Given the form of the statistical data it is impossible to resolve these inconsistencies 
between the two approaches, serving to highlight the very large differences in results 
which can be generated by either ‘bottom-up’ or ‘top-down’ methods.
However, if we assume that the trend in reductions in exergy consumption will be similar 
for both approaches, the changing exergy consumption per tonne of finished steel derived 
from the ISSB energy statistics can still be used to give an estimate of how the exergy 
consumption per tonne finished steel has varied for the process model-based approach.
This is done by assuming that the ratio between the two values in 1994 (27.2GJ/t and 
16.7 GJ/t for the ‘top-down’ and ‘bottom-up’ methods, respectively) is constant for all 
years, giving a constant factor ‘k ’ equal to 0.615. This is used to convert the ISSB- 
derived data so that the 1994 values of exergy consumption match. The conversion and 
resulting exergy consumption are shown in Table 7-3-2 and Figure 7-3-7 respectively. 
This is only an approximation incorporating many assumptions, (in particular that k 
remains constant year-on-year, when the amounts of on-site gas production have varied) 
but it does give a reasonable indication of the changing exergy consumption in UK steel 
production.
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Table 7-5-2 Conversion o f exergy consumption in iron and steel production derived from
ISSB energy data to match that derived from process data.
Year Exergy 
consumption 
derived from 
ISSB energy 
data
(GJ/t finished 
steel)
Exergy 
consumption 
derived from 
process data 
1994
(GJ/t finished 
steel)
Ratio in 1994 Matched 
Exergy 
consumption 
(GJ/t finished 
steel)
1994 26.7 16.72 0.615 16.72
1989 28.7 N/A 0.615 17.91
1984 29.1 N/A 0.615 18.08
1979 37.5 N/A 0.615 23.36
1974 39.9 N/A 0.615 24.99
1969 47.5 N/A 0.615 29.98
1964 52.7 N/A 0.615 33.35
1959 58.4* N/A 0.615 37.17
1954 58.4! N/A 0.615 37.17
*- assumed to equal 1960 result, !-assumed to equal 1959 result
Figure 7-5-7 Calculated exergy consumption per tonne o f finished steel fo r  all steel 
production processes, matched to give consistency in 1994 results.
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Using this method of estimation gives an exergy consumption in iron and steel
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production which has fallen from 37.2 GJ/t to 16.7 GJ/t between 1960 and 1994. This is 
due to changes in the method of steel production (i.e. it includes the changing mix of 
production methods -  BFBOF, EAF, OH and Cl) and also the improving technology of 
these methods.
For the purposes of this study the exergy consumption per tonne of finished steel for the 
whole steel industry needs to be disaggregated further to identify how the exergy 
consumption per tonne of iron or steel has varied fo r  each process over the time period.
As stated earlier, the total exergy consumption in steel production is dependent on the 
mass o f steel produced by each method of production and on the exergy consumption in 
each production method per tonne of finished steel. The mass of steel production by 
method is given in IS SB statistics, the unknown is the specific exergy consumption in 
each method of production. The latter can only be estimated as there is not enough 
information to derive it accurately. Therefore, the total exergy consumption per tonne of 
finished steel is allocated to each different method of production according to the mass of 
steel produced in each process multiplied by the specific exergy consumption for each 
process in 1994. Weighting the allocation in this way attempts to take account of the 
different magnitudes of the specific exergy consumption for each process.
The change in the method of production has been marked, Figure 7-3-8 shows how the 
open hearth furnace has become obsolete, being replaced mainly by the basic oxygen
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furnace with some take-up by the electric arc furnace. Cast iron production has declined 
as its market share has been replaced by steel products.
Figure 7-3-8 Mix o f iron and steel production processes by mass o f output [ISSB 1955- 
95]
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ÜBO F
I Open Hearth
B Cast Iron
1969 1974 1989
This percentage mix is multiplied by the exergy consumptions of each process per tonne 
of product for 1994 (Table 7-3-3) to give the relative proportion of the exergy 
consumption attributable to each process. This is shown in Figure 7-3-9.
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Table 7-3-3 Exergy consumption in iron and steel production processes per tonne o f
product as calculated in Chapters 3 & 4 from process analyses.
Process Cast iron 
production
Open hearth 
production
Basic oxygen
furnace
production
Electric arc
furnace
production
Exergy 
consumption 
per tonne of 
product GJ/t
7.3 21.2 19.4 11.6
Figure 7-3-9 Estimation o f relative proportion o f exergy consumption in the production 
o f one tonne o f steel.
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These ratios are used to allocate the total exergy consumption for the sector as derived 
from the ISSB energy statistics to the individual methods of production. This gives the 
exergy consumption per tonne of finished iron or steel as shown in Figure 7-3-10. From 
this graph, it is apparent that technological change within processes accounts for a large 
proportion of the savings in exergy consumption in steel production which have been
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realised over the time period. Table 7-3-4 lists the fall in exergy consumption estimated 
for each process over the time period.
Figure 7-3-10 Estimation o f the change in exergy consumption per tonne o f finished steel 
fo r  iron and steel production processes 1954-94
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Table 7-3-4 Estimated change in exergy consumption in iron and steel production 
processes per tonne o f output.
Year Cast iron
production
(GJ/t)
Open hearth 
(GJ/t)
Basic oxygen
furnace
(GJ/t)
Electric arc
furnace
(GJ/t)
1954 15.1 43.9 40.1 24.0
1994 7.3 21.2 19.4 11.6
Implicit in this derivation is the assumption that the technological change occurred at the 
same rate in all processes. This is unlikely to be the case as, for instance, the OH process 
was relatively mature at a time when the BOF and EAF where just being introduced. One 
would expect more rapid changes in newer technologies. However without having access
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to a process by process breakdown of the energy statistics over this time period it is 
impossible to quantify these different rates.
Examples of technological changes which have produced this substantial reduction of 
exergy consumption per tonne of steel include: reduction in the blast furnace coke rate 
and use of iron ore (applies to BFBOF, Cl and OH ), major reductions in the amount of 
home scrap generated (all processes), and more general improvements in process control.
The coking rate and iron ore rates per tonne of pig iron produced are shown in Figure 7- 
3-11. These have been reduced by improved process control and operating conditions, 
substitution with other hydrocarbon fuels, oxygen enrichment of blast air, capture of blast 
furnace dust (introduced primarily to reduce local pollution effects), and improvements in 
the quality of input materials [Austin 1984, Geskin 1988, McGannon 1971].
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Figure 7-3-11 Coke and iron ore rates per tonne o f pig iron [ISSB 1954-1994]
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The introduction of continuous casting to replace the ingot method has also resulted in a 
significant reduction in the amount of home scrap generated and therefore in the amount 
o f crude steel which needs to be produced per tonne of finished steel generated (Figure 7- 
3-12). Also shown is the rate at which continuous casting was taken up. Continuous 
casting was developed in the late 60’s in Japan, yet because of the high capital cost of 
equipment in the steel industry generally uptake was relatively slow^^. In 1994 88% of 
UK finished steel was continuously cast so there is little room for further improvements 
through this route [ISSB 1995, IISI 1996].
Obviously the economics will be strongly influenced by the cost of energy relative to capital which could 
explain global differences in continuous casting uptake e.g. in Western Europe 94 % of crude steel is 
continuously cast whereas in Eastern Europe and the former USSR, where energy has been cheap only 27% is. [IISI 1996]
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Figure 7-3-12 Reduction in generation o f home scrap per tonne offinished steel and 
corresponding uptake o f continuous casting [ISSB 1959-1994]
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Using the results for the exergy consumption in each production method and the mass 
flows through each process (shown in Figure 7-3-13), the exergy consumption due to iron 
and steel production per tonne of steel delivered to use in the SS3 model is calculated. 
This is shown in Figure 7-3-14 with the total annual exergy consumption shown in Figure 
7-3-15.
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Figure 7-3-13 Mass flow through each production process per tonne o f steel delivered to
use (SS3 1954-94)
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Figure 7-3-14 Exergy consumption in iron and steel production per tonne o f steel
delivered to use.
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Figure 7-3-15 Total annual exergy consumption in iron and steel production.
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Both figures show a substantial reduction in the exergy consumption in iron and steel 
production, falling from a maximum of about 5 8GJ/t of steel to use (684PJ annual 
consumption) in 1959 to the 1994 value of 21 GJ/t per tonne of steel to use (31IPJ annual 
consumption). This reduction occurs as a result of reductions in the exergy consumption 
per tonne of output within each process; substitution of the OH process by the less exergy 
consuming BOF and EAF processes; and a reduction in the total mass flow through iron 
and steel production.
Trade in Finished Steel, Steel Goods and Scrap
As in the previous chapter the trade in steel has to be accounted for because this is an 
exergy-containing material being imported or exported from the system. Therefore we
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need to know the mass flows to calculate the exergy (using a specific chemical exergy 
content of steel o f 6.91 GJ/t).
Figures 7-3-15 & 16 (a) & (b) show that the UK steel sector has been a net e^qporter of 
steel due to the trade in finished steel, steel goods and steel scrap. The pattern of change 
in the trade of steel reflects the changing position o f the UK steel sector in the world 
market and the structural changes in the UK economy generally. From 1954 to 1974 net 
exports of all types of steel declined as the UK steel industry became less competitive 
globally and more steel goods were sourced from abroad. There was also a large 
domestic demand for steel scrap which lowered the amount of steel scrap available for 
export. Subsequently, with the demise of the open hearth furnace, the domestic demand 
for scrap decreased and the UK steel sector began to supply more scrap for consumption 
abroad. The net exports of finished steel rose too as the steel industry became more 
competitive in international markets. The balance o f trade in steel goods has gone from 
being a net export from the UK to become a net import. This occurred as a result of UK 
manufacturing industries (e.g. car manufacturing) closing and increased domestic 
demand being met by imports.
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Figure 7-3-15 Disaggregated trade in steel, steel goods and steel scrap per tonne o f steel
to use (imports-exports).
0 .1 5 0
0.100
0 .0 5 0
0.000
«  -0 .0 5 0
o  -0.100
-0 .1 5 0
- 0.200
-0 .2 5 0
-0 .3 0 0
1954  1959  1964  1969  1 974  1979  1984  1989 1994
X —  Finished 
s te e l
■ S tee l in 
p ro d u c ts
—  -  —S c ra p
309
Figure 7-2-16 (a) Net trade in exergy per annum due to trade in steel, steel goods and
steel scrap.
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Figure 7-3-16 (b) Net trade in exergy per tonne o f steel to use due to trade in steel, steel
goods and steel scrap.
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Summing over finished steel, steel goods and steel scrap, we can see that the export of 
exergy in steel has varied widely form 1954 to 1994 (Figures 7-3-16 (a) &(b)), with a 
minimum of 0.3 GJ per tonne of steel to use, to a maximum of 3.2 GJ/t. On an annual 
basis the variation is from 5.5 PJ to 38.5PJ. This useful output of the UK steel sector will 
be subtracted from the total exergy consumption of the rest of the sector.
Intra-UK transport
The exergy consumption due to intra-UK transport (transport within the system 
boundaries) has been calculated using the same distances and modes of transport as for 
1994 (detailed in the previous chapter) except for the estimation of the distance post-use 
scrap has to travel. Except for the latter therefore, variations in the exergy consumption
311
are due solely to changes in the masses transported. These are detailed in Appendix D I- 
IX.
The post-use scrap transport distance is calculated according to a simple model. If S is the 
scrap demand by process, N the number of process sites, and p the scrap density then the 
circular ‘collection area’ around each site is given by
and the average distance can be shown to be
The scrap density is calculated by assuming a homogenous spread of steel use across the 
UK. Thus the scrap density is equal to the steel emerging from use divided by UK land 
area - 240,000km^.
This distance is of interest because it has been highlighted in studies of recycling systems 
e.g. Hannon and Brodrick [1982], as one area where the energy/exergy consumption 
increases with increased recycling. For some material sectors this is significant in 
determining whether recycling delivers any net benefits in terms of energy savings. As it 
happens, the exergy consumption in the UK steel sector due to this transport appears to 
be trivial for all recycling rates since 1954 (Table 7-3-5) in comparison with the -20GJ 
exergy consumption in steel production.
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Table 7-3-5 Calculated exergy consumption in transport o f post-use scrap per tonne o f
steel to use.
Year Scrap demand per 
tonne of steel to use
Average distance 
(km) [Calculated 
from model]
Exergy consumption per tonne of 
steel to use due to transport (GJ/t)
1954 0.59 44.5 0.029
1959 0.69 44.5 0.034
1964 0.57 35.1 0.022
1969 0.47 42.1 0.022
1974 0.52 41.5 0.024
1979 0.51 53.6 0.030
1984 0.50 49.7 0.027
1989 0.48 55.8 0.029
1994 0.59 64.9 0.042
Summing together post-use scrap transport with all the other intra-UK transport stages 
shows (Figure 7-3-17 (a) &(b)) there has been a slight rise in exergy consumption mainly 
due to the increase in transportation of traded steel, scrap and steel goods. However given 
the large approximations made and the assumption that the transportation patterns or 
efficiency have not changed over the forty year time period, the results should be treated 
with caution. Nevertheless, the general conclusion can be drawn that the exergy 
consumption (both annual and per tonne of steel to use) due to intra-UK transport has not 
been a major part of the total exergy consumption of the SS3 representation of the UK 
steel sector, and that the number of tonne-km transported has increased about 1.5 times 
between 1954 and 1994, leading to an increase in the exergy consumption.
313
Figure 7-3-17 (a) Calculated annual exergy consumption due to intra-UK transport
1954-94.
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Figure 7-3-17 (b) Exergy consumption due to intra-UK transport 1954-94 per tonne o f  
steel to use.
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Steel Use and the Generation of Steel Waste
In the model the exergy consumption in steel use, or the amount of exergy in the steel 
which becomes waste, varies according to the amount of steel emerging from use and the 
amount which is recovered for recycling. The annual amount of steel entering use is 
calculated according to the procedure used in Chapter 6 from ISSB data and UK trade 
statistics. The annual amount of steel to use is shown in Figure 7-3-18. This peaked in 
1969 at 19Mt and has since fallen to the 1994 level of 13Mt.
Figure 7-3-18. Calculated annual mass o f iron and steel goods to UK use 1954-94
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The demand for post-use scrap is calculated (as in Chapter 6) by subtracting the prompt 
scrap and net imports of scrap from the total demand for scrap. This gives a post-use 
scrap demand as shown in Figure 7-3-19.
This post-use scrap is drawn from the obsolete steel goods emerging from use with the 
remainder assumed to form waste steel. The mass of the obsolete steel goods for the year
315
in question depends on the product lifetime of the steel goods. In this analysis the 15 year 
product lifetime, calculated in Chapter 4-6, is taken as the average product lifetime. Thus 
steel emerging from use in a particular year is equal to that steel which entered use 15 
years prior.
Figure 7-2-19 Calculated annual demand fo r post-use scrap and annual mass o f steel to 
UK use, 1954 - 1994.
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This gives an exergy consumption due to steel going to waste as shown in Figure 7-3-20 
(a) & (b) and summarised in Table 7-3-6. These show an increase from 1.5GJ/t steel to 
use (26PJ p.a) in 1969 to 5.0 GJ/t steel to use (60PJ p.a.) in 1994. The reasons for these 
changes in the amount of steel going to waste have not been examined in detail in this 
project. However it is likely to be due to many factors which inhibit recovery of waste
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Steel, including: cost of raw materials relative to scrap (e.g. iron ore, coal), falling scrap 
prices, decreased availability of good quality scrap, changing types of steel goods used, 
steel processing technology and other social and economic factors.
Because data were not available on the steel entering use fifteen years prior, values for 
the years 1954-64 were assumed to equal those of the exergy to waste and recycling rate 
of 1969.
Figure 7-3-20(a) Annual exergy consumption due to steel becoming waste, 1969-94 
assuming 15 year product lifetime.
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Figure 7-3-20(b) Exergy consumption due to steel becoming waste per tonne o f steel to
use, 1969-94 assuming 15 year product lifetime.
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The corresponding recycling rate of post-use scrap varies from a high of around 75% 
down to nearly 40% (Figure 7-3-21). Consequently the proportion of steel becoming 
waste ranges from 25% to 60% of obsolete steel goods.
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Figure 7-3-21 Recycling rate in UK steel sector 1969-94 assuming 15 year lifetime
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Ta3le 7-3-6 Exergy consumption (annual and per tonne o f steel to use) in steel becoming 
waste assuming 15 year steel good lifetime.
Year Mass 
exiting 
use kt p. a.
Post use 
scrap
recycled kt 
p. a.
Mass to 
waste kt 
p.a.
Exergy
to
waste 
PJ p.a.
Mass of 
steel to 
waste per 
tonne of 
steel to use
Exergy 
of steel 
to waste 
GJ/t 
steel to 
use
Recycling
rate
%to
waste
1954 N/A 7470 N/A N/A N/A N/A N/A N/A
1959 N/A 7632 N/A N/A N/A N/A N/A N/A
1964 N/A 9274 N/A N/A N/A N/A N/A N/A
1969 12565 8818 3747 26 0 . 2 0 0 1.382 0.70 0.30
1974 11842 8767 3074 2 1 0.182 1.255 0.74 0.26
1979 16085 8185 7900 55 0.492 3.400 0.51 0.49
1984 18721 7705 11017 76 0.715 4.937 0.41 0.59
1989 16915 7495 9420 65 0.598 4.131 0.44 0.56
1994 16047 7723 8325 57 0.630 4.347 0.48 0.52
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Scrap reprocessing
As in the last chapter, the exergy consumption of scrap reprocessing is taken to be equal 
to that required for shredding [Mayer Parry 1996] i.e. 0.24 GJ/t. Thus it is directly 
proportional to the amount of steel which is recovered from use. Table 7-3-6 shows that 
this has varied from a minimum of 7.5Mt to a maximum of 9.3Mt per annum. This 
translates into 0.48t to 0.64 t/t steel to use, leading to reprocessing exergy consumption, 
as illustrated in Figure 7-3-22, which varies between 0.22GJ to 0.32GJ/t steel to use.
This treatment ignores differences in the form of the scrap suitable for recycling, which 
in reality it has changed considerably with the changing mix of steel production methods 
[ISSB personal communication]; for instance the OH could take larger and more uneven 
scrap charges than the EAF or BOF. However the exergy consumption in scrap 
reprocessing is a small fraction of that in steel production, so it was not considered 
necessary to go into more detail in this study.
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Figure 7-3-22 Exergy consumption in scrap reprocessing per tonne o f steel to use.
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4. Summary of Exergy Consumption in the UK steel sector SS3 1954-1994
Bringing together all the sections described above gives the exergy consumption per 
tonne of steel to use and the annual exergy consumption from 1954-1994 (Figures 7-4-1 
& 2).
Figure 7-4-1 Exergy consumption per tonne o f steel to use in the UK steel sector (SS3) 
1954-94. [Trade is negative because it is a net export and its value is given by the upper 
boundary o f its area]
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The exergy consumption per tonne of steel to use shows that the steel sector has reduced 
its exergy consumption almost twofold since 1954, signifying a considerable reduction in 
resource use and waste generation. The exergy consumption reached a peak in 1959 of 
59GJ/t of steel to use but has fallen steadily since then to its current value of 29 GJ/t. The
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graph also shows that the major portion of this exergy consumption is due to the steel 
production processes, although this proportion has decreased steadily relative to the other 
processes. The exergy consumption due to mining shows a slight decrease, a trend 
countered by the increase in extra-UK transport exergy consumption (principally of 
mining products). The amount of exergy consumption in product use (steel to waste) has 
also been increasing as the volume of steel not recovered from use has increased. Trade 
in steel has resulted in a negative contribution to the overall exergy consumption as the 
sector has been a net exporter to the rest of the global system.
Figure 7-4-2 Annual exergy consumption in UK steel sector (SS3) 1954-94 
[Trade is negative and its value is given by the upper boundary o f its area]
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Figure 7-4-2 shows the total annual exergy consumption in each year for the steel sector. 
This is the product of the exergy consumption per tonne of steel to use and the total 
demand for that steel. The general trend shows that exergy consumption has declined
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almost twofold between 1954 and 1994, although it reached a peak in 1964 when high 
demand for steel goods and high exergy consumption per tonne of steel to use combined. 
This would appear to confirm that the steel sector is dematerialising and lowering its 
resource consumption. However it is impossible to say whether this is reflected in 
dematerialising in all materials sectors or whether other sectors have increased their 
resource consumption to substitute for services originally provided by steel goods.
5. Sensitivity of SS3 to assumptions
This section looks at how some of the assumptions made in the calculation of the exergy 
flows in the SS3 model affect the total exergy consumption of the system. This will give 
some idea of the importance that should be attached to obtaining greater accuracy for 
these values. The three major assumptions that have been made are a) prompt scrap ratio 
of 15%; b) an average product lifetime of 15 years, c) and that there is no variation in the 
exergy consumption of steel production within the particular class of plant (i.e. all BF- 
BOF, EAF and cast iron production systems are ahke).
Prom pt Scrap- The amount of prompt scrap is calculated as a proportion of the total 
amount of steel entering product manufacture. This is taken to be 15% in the preceding 
analysis. This figure is uncertain as there is little published data quantifying the prompt 
scrap ratio. It is therefore important to assess how sensitive the results for exergy 
consumption are with respect to a changing prompt scrap ratio.
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By varying this figure between 7.5% to 27.5% and running the same calculations as 
described in this and the previous chapter for 1994 (i.e. all other things being equal) we 
can see (Figure 7-5-1) the effect this would have on the total exergy consumption per 
tonne of steel to use. The line is slightly non-linear with the gradient of the line varying 
from 0.19 GJ/% at 7.5% prompt scrap ratio to 0.29 GJ/% at 27.5% prompt scrap ratio.
The gradient, or marginal rate of change, at 15% (the current prompt scrap ratio) is 0.23 
GJ/%. This means that for every percentage point difference between the rate assumed in 
this study and the real rate there is a 0.23 GJ/t of steel to use error in the total exergy 
consumption.
The effect of the changing prompt scrap ratio can be understood by considering what 
occurs to the flows of steel and steel scrap within the model. Increasing the prompt scrap 
ratio will reduce the total amount of steel entering use. This in turn will reduce the 
amount of post-use scrap which is recovered. This leads to a slight reduction in the 
amount of post-use scrap shredding required and hence a lower total exergy consumption. 
Apart from this small effect the total annual exergy consumption remains the same.
Substantial differences occur however in the exergy consumption per tonne o f steel to 
use^ because the mass of steel entering use changes with prompt scrap rate. So an 
increase in the prompt scrap ratio will reduce the amount of steel entering use and result 
in an increase in the exergy consumption per tonne of steel delivered to use (if the annual 
exergy consumption in the UK steel sector is constant). The combination of these two
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effects results in the dependency o f exergy consumption per tonne of steel to use shown
in Figure 7-5-1.
The sensitivity analysis also shows that reducing the prompt scrap ratio in general would 
lead to a reduction in the overall exergy consumption of the system per tonne of steel to 
use, because reducing prompt scrap reduces the amount of steel delivered to manufacture 
per tonne of steel good produced.
Figure 7-5-1 Variation o f exergy consumption per tonne o f steel to use (1994) with 
assumed prompt scrap ratio fo r  SS3.
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Steel Good Lifetime- In all the models the steel good lifetime was assumed to be 15 
years. Thus in 1994 the steel emerging from use was that steel which entered in 1979, 
i.e. 16 million tonnes. The steel entering use is calculated from the statistics [ISSB 1996,
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DTI 1995], therefore a change in the assumed product lifetime will cause the amount of 
steel leaving the use stage to vary. In addition as the post-use scrap flow is fixed by 
overall demand for scrap, the only steel flow which is affected by a change in the 
assumed product lifetime is the amount of steel going to waste (Figure 7-5-2). Changing 
the assumed product lifetime effectively changes the mass of steel emerging from use. 
Therefore to assess the likely effect of a change in the assumed product hfetime on the 
overall exergy consumption, the amount of steel emerging from use is varied.
Figure 7-5-2 Illustration o f the relationship between product lifetime and steel to waste
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Varying the product lifetime by +- ten years (i.e. analysing the minimum and maximum 
steel flows to use between 1969 (19Mt}and 1989 {15Mt}) gives a range o f 
approximately +- 25% either side of the 1979 figure. This was used to estimate the 
sensitivity of the total exergy consumption per tonne of steel to use to changes in product 
life.
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The mass of steel goods entering use in 1979 was varied by ± 25%, giving a change in 
exergy consumption as shown in Figure 7-5-3. The overall exergy consumption per tonne 
of steel to use varies by ± 8% over this range, so as long as there are no massive 
variations in the amount of steel leaving use, the total exergy consumption of SS3 will 
not be very sensitive to changes in the particular product lifetime chosen.
Figure 7-5-2 Change in exergy consumption per tonne o f steel to use with a variation in 
the mass o f  steel leaving use.
35.0
30.0 q
25. 0 ----------------------------------------------------------------------------------------------------------------
20. 0 ---------------------------------------------------------------------------------------------------------------------------------------------------
0.0a 25%
C3 c
■■c = 1 5 .0 ----------------------------------------------------------------------------------------
E3S 8
10.0 h -------------------------------------------------------------------------------------------------------
5.0
12.50% 1979 -12.50%
M ass exiting  u s e  (originally 16.1Mt -1979 u se )
-25%
Steel production - The steel plants in the model are all assumed to be homogeneous, i.e. 
the EAF, and BFBOF processes all conform to the types detailed in Chapter 3. This is 
unlikely to actually be the case due to differences in technology, plant operation and 
geographical factors. Therefore the effect of variations in the exergy consumption in each 
process needs to be addressed. If we assume that there is a 15% spread in the exergy 
consumption of each process around that calculated from the analysis in Chapter 3, then 
the maximum variation in total exergy consumption can be determined. This is shown in
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Table 7-5-1. Predictably, given the major contribution of steel production to the total 
exergy consumption of SS3, it is very sensitive to changes in the values for exergy 
consumption in steel production, the exergy consumption of the BF-BOF being most 
important. Changes of 15% in the specific exergy consumption of iron and steel 
production produce variations from -12% to +13% in the total exergy consumption. In 
light of this, the exergy consumption in steel production should be researched in greater 
detail if greater accuracy is required of the model.
Table 7-5-1 Sensitivity o f results from  the model to changes in exergy consumption in 
iron and steel production.
Scenario BFBOF EAF Cast Iron Total exergy 
consumption of 
SS3 (GJ)
Absolute difference (and % variation on 
current values)
Current values 0% 0% 0% 28.7
A +15% +15% +15% 33.2 3.5 (+13%)
B +15% 0% 0% 32.5 2.7 (+10%)
C 0% +15% 0% 30.3 0.5 (+2%)
D -15% 0% 0% 25.5 -2.3 (-8%)
E 0% -15% 0% 28.2 -0.6 (+2%)
F -15% -15% -15% 26.5 -3.3 (-12%)
6 .C o n c lu s io n
From a physical point of view there has been a twofold reduction in both the annual 
exergy consumption and the exergy consumption per tonne of steel in the UK steel sector 
in the period 1954-1994. This implies considerable savings in resource use and waste 
generation per unit service delivered to the economy. These have come about mainly 
from reductions in the exergy consumption of the steel production processes where
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energy efficiency and pollution control efforts have traditionally been concentrated.
There are also however processes whose exergy consumption has been increasing: steel 
use and extra-UK transport. Although the magnitude of the consumption in these 
processes is small in comparison to the overall exergy consumption, there should be some 
concern that these processes go against the general trends of reducing exergy 
consumption.
330
Chapter 8 : Possible futures for the UK steel sector
T he future’s not what it used to be.’ -  Anon
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1. I n tr o d u c t io n
The aim of this chapter is to look at various scenarios of how the UK steel sector might 
develop in terms of its exergy consumption as the demand for steel, its method of 
production and the efficiency with which it is produced varies. It should be emphasised 
that this is not a prediction of how the steel sector will develop (bearing in mind the 
modellers’ adage quoted at the beginning of this chapter) but is intended as an indication 
of the likely implications for overall exergy consumption (and hence resource use and 
waste generation) of different possible evolutionary paths for the steel sector. These 
scenarios will be loosely based on the past development of the sector as detailed in the 
previous chapter bearing in mind the physical limits within which the sector has to 
operate.
The basis for the various scenarios is explained first, followed by the results these 
scenarios generate for the exergy consumption in the various processes in the UK steel 
sector.
2. D e v e lo p in g  th e  s c e n a r io s
The results of the previous chapter (Chapter 7-3) showed (Figure 7-4-2) that the three 
most significant factors which contribute to the overall annual exergy consumption of the 
steel sector as represented by the SS3 model are; the total demand for steel in use, the 
method of steel production (i.e. proportion of EAF and BOF), and the exergy
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consumption per tonne of output of these processes. Other factors (such as the trade in 
steel, steel goods and scrap) also influence the overall exergy consumption of the steel 
sector, yet because of the constraints detailed in Chapter 6 it is not valid to vary these 
because of their unquantifiable effect on the rest of the global steel sector.
Therefore the scenarios used to explore the future development of the steel sector involve 
changes to the demand for steel in the use phase; changes to the proportion of steel 
produced by EAF and BOF; and changes in the specific exergy consumption in each 
process due to technological changes. All the scenarios will represent feasible changes in 
these aspects of the steel sector which are physically possible, i.e. are within the limits 
imposed by thermodynamics, and which do not exceed rates of change witnessed in the 
past.
Demand for steel
The total amount of steel entering use is dependent firstly on human needs, followed by 
the efficacy with which these are supplied, or satisfied, by steel goods, and finally by the 
amount of steel required to produce each steel good. Thus there are many parameters 
which can vary with time to produce the single parameter of the quantity o f steel to use.
Here we consider two possible future scenarios for the demand for steel. The first 
(scenario I) is a demand profile which is kept at a constant level of 13.2 mt p.a.. Figure 8- 
2-1 shows how steel demand has been falling since 1969, thus this scenario represents the 
upper limit of likely demand for steel in the UK.
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Figure 8-2-1 Historic demand for steel to use. (Calculated in previous chapter)
20000
17500
16000
12500
10000
2500
Year
0  Steel goods from 
imparts
I Steel goods from 
UK manufacturers
□  C ast iron
The second scenario (II) is based on the trend in the relationship between steel use and 
GDP over time and represents a scenario of reducing demand. We can see that over time 
the amount of steel required per unit of GDP has fallen steadily, as shown in Figure 8-2-
2. This line is extrapolated assuming an exponential form, which is continuous in value at 
1994, has an initial gradient equal to that of the steel intensity straight line between 1969 
and 1994 and asymptotically approaches zero. This is shown as continuation of the line in 
Figure 8-2-2.
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Figure 8-2-2 Historic steel intensity in the economy and exponential extrapolation.
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This steel intensity is then translated into actual demand for steel by assuming a, 
relatively high GDP growth rate of 2.35% p.a. (taken from the Medium economic growth 
scenario in 'Energy Projections fo r  the UK' [(DTI 1995]) from 1994 to 2019. Scenario II 
results in a 55% drop in demand for steel from 1994 to 2019. Both these scenarios are 
shown in Figure 8-2-3.
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Figure 8-2-3 Scenarios fo r  future energy demand: 
I -  Constant level o f demand; II- Reducing demand.
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The factors which might contribute to these two scenarios are not specified and no claim 
is made for the probability of their occurring; they are simply two different ways of 
extrapolating from past trends in steel use. It is also recognised that such extrapolation of 
historical data from these ‘macro indicators’ for which there are many contributory 
factors is not an effective method of prediction. Instead, we are more interested in asking 
the question: if this happens? a) is it physically possible^^ and b) what are its 
implications. As there are no easily identifiable physical limitations on demand for steel it 
is only the implications of either scenario which are of concern.
In terms of steel demand any amount is physically possible. This criterion is more important when 
considering technological improvement to the steel production processes where thermodynamic laws place limits on what is physically possible.
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A growing domestic demand for steel could also have been considered, but this was not 
included as a scenario because past trends make this appear unlikely. The underlying 
reasons are increased competition from other materials, the general move in the UK 
economy from manufacturing with its higher use of materials, including steel, to a 
service-orientated economy, and the fact that the major infrastructural components of the 
country are already in place. We are therefore assuming that, for steel in the UK at least, 
the major growth phase in demand is in the past.
Globally though this might not be true. Looking at the historic global crude steel 
production (Figure 8-2-4), one cannot say whether growth in consumption has reached a 
plateau, although there does appear to be a slight levelling off after the steep growth from 
1959-1980. For the UK though, constant demand is a plausible scenario.
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Figure 8-2-4 World Crude Steel Production 1855-1995 [Henstock 1996 (years 1855
1955) andIISI1996 (remainingyears)]
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Method of iron and steel production
The previous chapter showed that the mix of steel production technology affects the steel 
sector in two main ways: in the exergy consumption of steel production and in its effect 
on the domestic demand for steel scrap (which affects the exergy consumption in the use 
phase of steel goods). It is assumed that over the next 25 year period there will be no 
substantial inroads made by new technologies into the dominance of the EAF and BOF 
production routes and the only variation in the mix of iron and steel production will be 
the substitution of EAF for BOF. Other technologies are not considered because it is 
unlikely, given that these tried and tested technologies are still currently the processes of 
choice for new production facilities, that novel processes (such as those discussed in 
Chapter 4), will take a significant share in the production of steel by 2019.
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Cast iron production is assumed to have reached a minimum and thus the quantity of cast 
iron produced annually remains constant. As before, no attempt is made to account for 
the exergy consumption in producing the capital required for these replacement plants. 
This is assumed to be small in relation to the overall process exergy and can be 
considered as a reasonably constant background exergy consumption alongside routine 
repair and maintenance of existing plants.
Two paths are chosen; the first (a) sees the percentage of EAF remaining constant; the 
second scenario (b) sees a rapid take up of EAF as it moves from 25% of finished steel 
production in 1994 to 50% in 2019; this change is comparable with the increase from 5% 
to 61% in BOF over the 25 years from 1959, and therefore appears to be feasible. The 
change is assumed to be linear over the time-scale. The changing proportion of steel 
produced by the EAF in both scenarios is shown in Figure 8-2-5.
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Figure 8-2-5 Scenarios for changing proportion o f EAF: a-Constant, b- Rising to 50%.
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The increased demand for scrap from a steel production mix with more EAF is satisfied 
by extracting more scrap as it emerges from UK use. Scrap imports and exports are taken 
to remain constant so that these changes to the UK steel sector have no impact on the rest 
of the global steel sector.
Technological change in iron and steel production
The previous chapter showed how there has been a continued reduction in the exergy 
consumption per tonne of steel to use within steel production processes. The scenarios for 
future technological change in these processes represent a continued exponential decrease 
in exergy consumption, approaching an asymptote representing the thermodynamic 
minimum exergy consumption. The initial gradients of these exponential lines are based 
on historic rates of change.
340
The thermodynamic minima are taken to equal the intrinsic exergy destruction calculated 
in Chapter 4 for each process. This assumes that there is no change in the fundamentals 
of the way steel is produced in the BFBOF, EAF and Cl routes. Thus the BFBOF route, 
consisting of direct chemical combustion to heat the coal to form coke, the iron ore to 
form sinter, and the iron and steel for hquid forming with no heat recovery, will have an 
intrinsic exergy destruction of around 5.4 GJ/t of finished steel. The EAF which 
electrically heats steel from solid to liquid has an intrinsic exergy destruction of 3.2GJ 
(assuming an electricity generation efficiency of 50%). Cast iron production likewise has 
an intrinsic exergy destruction of 2.7GJ/t, taking into account the production of pig iron 
and the heating of the contents of the cupola to 1600 ^C with no heat recovery. These 
calculations are detailed in Chapters 3-10 & 4-9.
The first scenario for technological change in the processes (i) represents a slow 
improvement and is an exponential decrease with a starting gradient o f half the gradient 
of the technological improvement line from 1984-1994. The second scenario (ii) is 
identical to the first except the initial gradient is equal to the gradient o f the technological 
improvement from 1984 to 1994 for each process, leading to a more rapid reduction in 
specific exergy consumption.
The choice of an exponential decrease is based on the assumption that the easiest 
improvements occur first and fastest leading to a diminishing rate of return which for 
simplicity is estimated to have an exponential form. Both of these scenarios are paths 
which are physically possible for the steel production processes to follow with the
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introduction of improved technology and control. The historic and extrapolated 
technological changes for the BFBOF, EAF and Cast iron production are shown in 
Figures 8-2-6 to 9. The changes in exergy consumption per unit output for each process 
between 1954 and 1994 are shown in Table 8-2-1.
Figure 8-2-6 Scenarios fo r  the reduction in exergy consumption per tonne offinished  
steel produced by the BFBOF route: (i) -  Slow technical change; (ii) -  Fast technical 
change.
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Figure 8-2-7 Scenarios fo r  the reduction in exergy consumption per tonne o f  finished  
steel produced by the EAF route: (i) — Slow technical change; (ii) — Fast technical 
change.
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Figure 8-2-8 Scenarios fo r  the reduction in exergy consumption per tonne o f cast iron 
produced by the Cl route: (i) -  Slow technical change; (ii) -  Fast technical change.
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Table 8-2-1 Change in exergy consumption in process (GJ/t output).
Process BFBOF EAF Cl
Exergy consumption 
1954
40.1 24.0 15.1
Exergy consumption 
1994
19.4 11.6 7.3
Exergy consumption 
2019 (i)
17.0 10.4 6.5
Exergy consumption 
2019 (ii)
15.0 9.0 5.8
These scenarios combine to produce 8 different possible futures for the UK steel sector 
shown in Table 8-2-2. These are based on past trends and should give some idea of the 
potential which exists for reducing resource consumption in the future.
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Table 8-2-2 Labels o f  combinations o f  scenarios to investigate possible futures fo r  the 
UK steel sector
Scenario Label
Constant Demand (I) Reducing Demand (II)
Increasing EAF, Fast 
technological change
Ibii Ilbii
Increasing EAF, Slow 
technological change
Ibi Ilbi
Constant EAF, Fast 
technological change
laii Ilaii
Constant EAF, Slow 
technological change
lai liai
The method of applying these scenarios to the steel sector followed that of the previous 
chapter. The flows of steel in SS3 were first determined and then the exergy consumption 
in each area was calculated. In the estimation of the flows of steel it was assumed there 
were no stocks of finished steel and scrap. The analysis in the previous chapter showed 
these to be small. As mentioned earlier the trade in steel, steel goods and scrap were kept 
constant at 1994 levels, so that the rest of the global steel sector is unaffected by changes 
to the UK steel sector.
The effect of these scenarios on each aspect of the steel sector is now described, followed 
by the overall effect on exergy consumption.
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3. Results
Raw material mining
The results for the exergy consumption in raw material mining have been calculated on 
the basis of two assumptions:
• The exergy consumption in mining for each tonne of ore and coal is assumed to 
remain constant. In reality there will be a trend towards increasing exergy 
consumption as ore grades diminish, as well as one towards decreasing exergy 
consumption as technological improvements occur in mining. As mining only forms a 
small component of the overall exergy consumption in the steel sector, these effects 
have not been quantified.
• The amount of coal and iron ore demanded by the BOF, EAF and Cl are assumed to 
remain constant per tonne of product output from each process. This is due to the fact 
that while it is possible to estimate the overall reduction in exergy consumption for 
each process, it is not possible to easily estimate the consequent effect this will have 
on iron ore demand or coke demand. Therefore, the rate of technological change in 
each process does not affect the amount of raw materials demanded per tonne of 
output. Thus the estimate of exergy consumption due to mining is only dependent on 
the total demand for iron and steel products and the mix of steel production processes.
The four combinations o f these scenarios give trends in mining exergy consumption as 
shown in Figure 8-3-1. It is important to note that in this case the masses of iron ore and 
coal mined are calculated from process data and so will not tally in 1994 with those in the
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previous chapter which were based on recorded tonnages used in the whole steel industry. 
However the two methods give broadly similar results.
Figure 8-3-1 Annual exergy consumption in raw material mining.
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As would be expected with no change in demand and a constant proportion of EAF there 
is no change in the mined amounts of iron ore and coal. With an increasing proportion of 
EAF and constant demand the mining exergy consumption falls by 23% on 1994 levels 
by 2019 due to the EAF requiring less iron ore and coal than the BFBOF. The largest 
reductions in mining exergy consumption occur for scenarios of reducing demand for 
steel: with constant EAF a reduction of 50% is achieved, while with increasing EAF a 
reduction of 60% occurs.
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Extra-UK transport
Extra-UK transport includes all raw material transport, and that transport associated with 
the imports of finished steel, steel goods and scrap. The last three items have a constant 
exergy consumption in accordance with the constraints mentioned earlier on trade 
between the UK steel sector and the global steel sector.
The transport of iron ore and coal is assumed to be firom the same countries of origin and 
in the same proportion by mass as in 1994. The exergy consumption per tonne-km also 
remains constant. Thus the only change in this exergy consumption will be due to 
changes in the mass required in the UK iron and steel production process. For the same 
reasons as raw material mining, the exergy consumption in extra-UK transport is not 
affected by technological change in the iron and steel production processes. The four 
combinations o f scenarios for changing demand and mix of steel production processes 
result in changes to the exergy consumption as shown in Figure 8-3-2.
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Figure 8-3-2 Annual exergy consumption in extra-UK transport
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As in mining, a constant EAF and constant demand scenario produces no change in the 
transportation exergy consumption. The scenarios with increasing proportions of EAF or 
a reduction in demand for steel result in decreases in transportation exergy consumption. 
The largest decrease occurs with reducing demand and increasing EAF resulting in a 
reduction of 53% on 1994 levels by 2019.
Iron and steel production
The exergy consumption in iron and steel production is dependent on the method of 
production, the demand for steel in the UK and the technological change in the processes. 
The three scenarios for each parameter combine to give 8 different combinations of 
possible futures for the exergy consumption in iron and steel production. These are 
shown in Figure 8-3-3 and summarised in Table 8-3-1.
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Figure 8-3-3 Annual exergy consumption in iron and steel production
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As would be expected the slowest reduction occurs for constant demand, constant EAF 
and slow technological change. In this scenario the reduction in exergy consumption of 
12% of 1994 levels by 2019, occurs solely because of technological improvements within 
the processes.
More rapid reductions occur with faster technological change combined with reducing 
demand and an increase in EAF. The largest reduction for the scenarios with constant 
demand for steel is in combination with fast technological change and increased EAF 
uptake, resulting in a 31% reduction on 1994 levels by 2019. In contrast, the scenario 
with fast technological change, increasing EAF and a reducing demand realises a 65% 
reduction in exergy consumption in iron and steel production.
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Table 8-3-1 Summary o f reduction in exergy consumption in iron and steel production
according to scenario chosen
Scenario % reduction on 
1994 levels by 
2019
Slow tech, const demand, const EAF 12
Slow tech, const demand, increasing EAF 22
Fast tech, const demand, const EAF 23
Fast tech, const demand, increasing EAF 31
Slow tech, reducing demand, const EAF 56
Slow tech, reducing demand, increasing EAF 61
Fast tech, reducing demand, const EAF 62
Fast tech, reducing demand, increasing EAF 65
The main conclusion to draw from these results is that the possibility exists to realise 
large reductions in the exergy consumption in iron and steel production if ‘system’ 
improvements (increasing EAF and reducing steel demand) are encouraged rather than 
simply looking to technological improvements within the production processes to deliver 
reductions in exergy consumption. Technological improvements alone produce exergy 
consumption reductions of between 12 and 20% by 2019, whereas increasing the 
proportion EAF would increase these reductions to 31%. Reducing demand for steel 
would lead to further reductions of up to 65%, in Scenario Ilbii.
Steel use and post-use recycling
The calculation of the amounts of steel leaving use which are either recycled or become 
waste follows the same method as in Chapters 6 &7. The steps in this calculation are 
summarised below:
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1) The amount of steel entering use is determined by the demand for steel in goods as 
defined by the demand scenarios. These goods are assumed to remain in use for 15 years, 
the product lifetime used in the previous chapter. Therefore the obsolete steel leaving use, 
or available for post-use recycling, is equal to the steel good demand 15 years previously.
2) The annual post-use scrap demand is determined by the sum of scrap required in steel 
production and the net exports of scrap, less the supply of prompt and home scrap.
3) Subtracting the post-use scrap demand from the amount of steel leaving use gives the 
amount of steel which becomes waste after use.
The amount of steel becoming waste determines the exergy consumption in the use 
phase. This is shown in Figure 8-3-4.
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Figure 8-3-4 Annual exergy consumption due to steel becoming waste after use.
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The shape of the graphs is complicated as they are dependent on two factors: the demand 
for scrap (determined by the demand for steel goods in that year and the mix of steel 
production methods), and the demand for steel goods 15 years prior.
For instance, the line profile for increasing EAF with reducing demand peaks in 2004 
before falling to 85% of 1994 levels by 2019. The peak occurs because the EAF 
proportion is still relatively low implying low scrap demand and demand for steel to use 
has shrunk, yet there are large amounts of steel emerging from use due to high demand 
levels fifteen years prior. Subsequently, as the amount of steel available for recycling 
falls due to the reducing amount of steel in use and as the amount of scrap required per
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mix o f production would be physically possible given scrap availability and also quantify 
the amount of post-use steel which is not recovered and becomes waste.
Figure 8-3-5 Recycling rates o f post-use scrap under different scenarios 1994-2019
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The post-use recycling rates corresponding to each of the scenarios are shown in Figure 
8-3-5. Except for constant demand and constant EAF, the scenarios show a large increase 
in the recycling rate relative to 1994, reaching levels of 90% by 2019. These high 
recycling rates are necessary not only to satisfy domestic demand for scrap in the EAF, 
but also because the export of scrap from the UK remains constant at 5Mt p.a. in all these 
scenarios. This was necessary to keep the relationship between the UK steel sector and 
the rest of the world constant, as discussed in Chapter 6-2. If exports of scrap were to 
remain at this level there could be a shortage of steel scrap to supply the UK steel 
production sector with a higher proportion of EAF than 50%.
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However recycling rates of around 90% for some steel goods sectors at least are not 
implausible. The US Steel Recycling Institute [1997] reports recycling rates of 98% for 
automobiles, 76% for domestic appliances, and 80% for construction steel from 
demolition sites in the US. (These recycling rates have been calculated on the basis of 
steel recovered from old products divided by steel used in producing new products, so 
they do not conform to the method used here to calculate the recycling rate. Nevertheless 
they give some indication that high rates of recycling are possible - at least in some 
sectors).
It is worth noting that the build up of impurities in the steel such as tin, copper and zinc 
could become problematic at high recycling rates as these have deleterious effects on the 
finished steel, and cannot be economically separated from the scrap, see Henstock [1988] 
and Nilles [1998]. However since the BOF proportion of steel production remains above 
50% in all scenarios, the build up of impurities will be sufficiently diluted by the influx 
of virgin steel to prevent them becoming a problem.
Bearing these points in mind, we nevertheless assume that these high recycling rates are 
possible for the purposes of this study. In reahty though, it is likely that given such a high 
domestic demand for scrap there would be some reduction in scrap exports to other 
countries as recycling rates increased. However this is not an option which can be 
considered further in this study due to the unquantiflable effect on the rest of the global 
steel sector.
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Post use scrap processing
The exergy consumption in post-use scrap processing is equal to the mass of post-use 
scrap recovered multiplied by the specific exergy consumption in processing (assumed to 
be equal to that required for shredding i.e. 0.24 GJ/t of scrap shredded). The specific 
exergy consumption in processing is taken to be independent of technological change. 
However technological change in scrap processing is likely to occur in reality, but it is 
difficult to say how this will proceed especially as the types of scrap are likely to become 
less amenable to processing the higher the post-use recycling rate becomes. So the exergy 
consumption in this process will only vary in proportion to the mass of scrap which is 
processed and is hence only dependent on the demand for steel and the mix of production 
processes. The variation o f annual exergy consumption with these scenarios is shown in 
Figure 8-3-6.
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Figure 8-3-6 Annual exergy consumption in post-use scrap processing
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With demand and EAF proportion remaining at 1994 levels there is no change in the 
exergy consumption in scrap reprocessing. Constant demand and increasing EAF 
proportion produces a significant increase in the mass of scrap required and hence the 
exergy consumption in reprocessing. Reducing demand and increasing EAF produces 
little change in the mass of scrap reprocessed. Reducing demand and constant EAF does 
produce a significant reduction in the amount of scrap reprocessed.
Intra-UK transport
The transportation exergy consumption associated with the movement of steel scrap and 
steel good imports and exports within the UK, prompt scrap, scrap to landfill, and cast 
iron to use are all assumed to remain constant. The transportation exergy consumption for 
finished steel from UK producers to UK manufacture, UK manufacturers to UK use and
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post-use scrap transport is allowed to vary as the masses of these flows varies, while the 
distances travelled and mode o f transport used remain the same as in 1994. The resulting 
exergy consumptions in intra-UK transport for the different demand and product mix 
scenarios are shown in Figure 8-3-7.
Figure 8-3-7 Intra-UK transport exergy consumption
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The main point Figure 8-3-7 demonstrates is that, if demand is held constant, increasing 
the recycling rates will cause the exergy consumption in intra-UK transport to rise as 
larger amounts o f post-use scrap need to be transported. For reducing demand for steel 
goods (Scenario II) a reduction in the masses o f finished steel and steel goods transported 
occurs lowering the associated exergy consumption.
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Total exergy consumption
Bringing together ail these parts of the UK steel sector allows the total exergy 
consumption under each o f the eight combinations o f scenarios to be quantified. Overall 
we can see from Figure 8-3-8 that the exergy consumption for all scenarios falls between 
1994 and 2019. Table 8-3-2 shows the annual exergy consumptions to 2019 predicted for 
each scenario. These and Figure 8-3-8 show that the extremes o f the range are for 
constant demand, constant EAF proportion and slow technological progress, and reducing 
demand, fast take-up o f EAF and fast technological progress with reductions o f 15% and 
72% respectively.
Figure 8-3-8 Total exergy consumption in the UK steel sector (SS3) under various 
scenarios
2004 2009 2014 2019
a  Reducing demand for goods, increasing EAF take 
up. fast tech. change
OReducing demand for 
goods, increasing EAF take 
up, slow tech. change
H Reducing demand for 
goods, constantsAF, fast 
tech. change
■ Reducing demand for 
goods, constant EAF, slow 
tech. change
BConstant demand for 
goods, increasing EAF take 
up, fast tech. change
QConstant demand for 
goods, increasing EAF take 
up. slow tech. change
BConstant demand for 
goods, constant EAF, fast tech. change
□ Constant demand for goods, constant EAF, slow 
tech. change
360
Table 8-3-2 Exergy consumptions fo r  the UK steel sector according to scenariol994- 
2019.
Year PJ Constant 
demand 
for goods, 
constant 
EAF, 
slow tech. 
change
Constant 
demand 
for goods, 
constant 
EAF, fast 
tech. 
change
Constant 
demand 
for goods, 
increasing 
EAF take 
up, slow 
tech. 
change
Constant 
demand 
for goods, 
increasing 
EAF take 
up, fast 
tech. 
change
Reducing 
demand 
for goods, 
constant 
EAF, 
slow tech. 
change
Reducing 
demand 
for goods, 
constant 
EAF, fast 
tech. 
change
Reducing 
demand 
for goods, 
increasing 
EAF take 
up, slow 
tech. 
change
Reducing 
demand 
for goods, 
increasing 
EAF take 
up, fest 
tech. 
change
1994 381 381 381 381 381 381 381 381
1999 367 361 353 347 324 319 312 307
2004 363 349 336 322 285 274 265 254
2009 338 318 298 279 232 219 206 193
2014 331 306 278 255 189 174 159 146
2019 325 294 259 232 153 138 121 107
%
reduction
14.71 22.64 32.02 39.12 59.86 63.80 68.30 71.83
Breaking down these figures for a selection of the scenarios shows how each process 
within the steel sector contributes to the overall exergy consumption. This is shown in 
Figures 8-3-9 to 13. Because the UK steel sector is a net exporter of steel and because 
this amount is held constant in all scenarios (as discussed in Chapter 6-3), these figures 
start from below the x-axis at -39  PJ to account for the negative contribution to the total 
exergy consumption of this export.
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Figure 8-3-9 Exergy consumption by process: constant demand, constant EAF, slow tech.
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Figure 8-3-10 Exergy consumption by process: constant demand, increasing EAF, slow
tech.
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Figure 8-3-11 Exergy consumption by process: reducing demand, constant EAF, slow
tech.
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Figure 8-3-12 Exergy consumption by process: reducing demand, constant EAF, fast
tech.
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Figure 8-3-13 Exergy consumption by process: reducing demand, increasing EAF, fast
tech.
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In all scenarios steel production remains the major exergy consumer although in general 
this proportion diminishes with respect to transport which remains reasonably constant 
for all scenarios. Because of the reduced amount o f steel going to waste the associated 
exergy consumption is lessened in all scenarios (as seen in Figure 8-3-4), losing the 
relatively large share it held in 1994. Mining, post-use scrap processing and cast iron 
production all consume very minor amounts o f exergy.
That all scenarios indicate a reduction in exergy consumption is not surprising as all the 
scenarios incorporated improving technology within processes. So this reduction in 
exergy consumption is an artefact o f the assumptions made when choosing the scenarios.
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However the important outcome of these scenarios is that they indicate the range of 
possible reductions available and how these can be achieved. The aim of this study is not 
to predict what will happen to the exergy consumption in the UK steel sector, but to 
analyse how possible reductions can be achieved and what the scale of these reductions is 
likely to be.
The differences between the scenarios result primarily from the different changes in the 
total exergy consumption in iron and steel production. This is affected by the total 
demand for steel, the production mix and the technology used. There is also considerable 
reduction in the exergy to waste and this differs quite substantially between scenarios. 
The reasons for this have been detailed in an Section 8-3.
It is worth highlighting that reliance on technological improvement within production 
processes alone will only realise a reduction in exergy consumption of between 15% and 
23%. Introducing other systemic changes by increasing the proportion of EAF (while 
keeping demand constant) leads to reductions of up to 39%. The latter scenario would 
occur as a result of policies which encouraged recycling and process improvement, yet 
did little to reduce overall demand for goods. The result indicates the likely limits to the 
reduction in exergy consumption achievable by this approach. A reducing demand for 
steel goods in conjunction with EAF increases and technological improvement realises 
the maximum 72% reduction, showing how effective reducing demand is in realising a 
reduction in overall exergy consumption.
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The major conclusion that can be drawn from these results is that the technology used 
within processes, the types of production processes used and the overall demand within 
the system all have a significant influence on the overall exergy consumption. So in order 
to reduce exergy consumption (and resource use) in the steel sector all three factors 
should be targeted. Thus the aim should be to reduce demand, accelerate substitution of 
EAF for BFBOF and encourage technological developments in the steel production 
industry which reduce the exergy consumption in processes.
However it should also be highlighted that of these three factors, it is only the absolute 
demand for steel which is not constrained by any obvious physical limits and can be 
reduced indefinitely. The amount of EAF substitution is physically limited by the amount 
o f scrap steel available, although the 1994 the recycling rate of around 50% shows that 
this limit is still far off. Technological change is limited by the minimum exergy 
consumption intrinsic to the steel production processes and we have seen that for the 
BOF and EAF processes this is still significant. Even with new processes which seek to 
reduce these inherent irreversibilities, there will always be some intrinsic exergy 
consumption given the demands for high rates of production which generally exclude 
reactions and thermodynamic processes near equilibrium.
4. Conclusion
This chapter used past trends in the steel sector and knowledge about the processes 
involved to look at the impact on exergy consumption of several possible future paths. 
Because of the system and methodology used we can be certain that these scenarios are 
both within the physical bounds for the sector (i.e. the model conforms to the first and
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second laws of thermodynamics), and that the rate of changes involved in the production 
mix, demand and technology do not exceed those witnessed in the past. In addition, 
because of the way the global interaction was constrained, these reductions will not have 
occurred at the expense of increases in the exergy consumption elsewhere in the rest of 
the world.
The general conclusion of this chapter must be: that there is considerable potential for 
reducing exergy consumption in the UK steel sector, by as much as 72% in the most 
optimistic of the scenarios. That there is still such potential in this economic sector is 
surprising, but welcome because it shows that the limits of reducing exergy consumption 
appear not to have been reached. There are three ways of reducing this exergy 
consumption in the UK steel sector: increasing technological improvement in steel 
production; substitution of EAF for BFBOF; and reducing the demand for steel. 
Obviously in order to maximise reduction in exergy consumption the best course of 
action would be to encourage these three factors.
The implications o f these results will be examined further in the concluding chapter.
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Chapter 9 ; Conclusion
‘Unless w e change the direction in which we are headed, we might end up where
we are going’ -  Chinese Proverb
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1. Introduction
The preceding chapter showed various scenarios of how the UK steel sector could evolve 
so as to reduce its consumption of fuels and materials. This analysis was based on two 
methodologies: exergy analysis and a life cycle approach. The former was shown in 
Chapter 5 to have considerable advantages over first law analysis and enabled a 
consistent and unambiguous description of the physical flows through economic 
processes to be made. The life cycle approach enabled the correct system to be defined 
including all processes from ‘cradle to grave’. This gives a comprehensive representation 
of the sector and its thermodynamic flows.
Combining these two approaches in this study has shown both how the UK steel sector 
has evolved in its use of materials and energy and how this might continue into the future 
taking account of thermodynamic limitations and ensuring that changes do not exceed 
those previously experienced in the sector. This final chapter will revisit previous 
chapters highlighting aspects of methodologies used and results generated which are felt 
to be of particular importance. This will be followed by a discussion of the implications 
of this research to our understanding of the use of materials and energy in the UK steel 
sector and industrialised economies in general. Areas for further research will then be 
discussed to extend and improve this type of analysis.
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2. Exergy analysis and the life cycle approach
The advantage of using exergy analysis is that by including the second law and the 
system’s environment, the thermodynamic quality of the flows through processes are 
measured. It is this quality which is used up and which ultimately drives all processes 
within the economy. This study, in addition to many others (detailed in Chapter 2), has 
shown exergy analysis to be very useful in analysing physical flows through individual 
processes, and in identifying where irreversibilities arise and how these can be lessened 
to improve the overall efficiency of the process.
Chapters 3 & 4 showed how, even without going into detailed examination of all the 
chemical processes, exergy analysis o f the main processes in the steel sector can reveal 
what the basic mechanisms are, where the majority of the entropy is generated, and hence 
where resources are consumed. It also quantified the proportion of this consumption 
which is inherent to the process relative to that which is avoidable. Exergy analysis was 
shown in Chapter 5 to produce different results to first law analysis for any process which 
has inputs or useful outputs of intermediate quality. Many processes in the economic 
system fall into this category. Processes for which the two forms of analysis produced 
similar results include most combustion processes with no intermediate outputs: e.g. the 
use of the internal combustion engine. These are also common throughout the economic 
system.
Chapter 5 also showed that, while for some processes the differences between exergy and 
energy analysis can sometimes be small, they are often much more apparent in the sub­
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processes and unit operations of the system. Thus in the power station example in 
Chapter 2 the overall energy and exergy analyses produced very similar results for 
efficiency and fuel consumption, yet the sub-processes, such as the boiler and the turbine, 
were described very differently by each method. The boiler was seen to be energetically 
very efficient at converting chemical energy to thermal energy, yet was the main area of 
exergy loss. Conversely the turbine was poor at converting thermal energy to mechanical 
work, yet exergetically it performed well at converting what energy was available into 
work. So while the overall process can be adequately described in terms of energy alone 
understanding of the sub-processes requires exergy (or some other type of second law 
analysis).
The same was shown to be true for the economic system as a whole. For looking at the 
economy there is little difference between the energy inputs and exergy inputs as these 
are mainly fossil fuels with similar energy and exergy, i.e.f3«l; and as there is no useful 
output from the economy in terms of exergy (by definition anything which leaves the 
economy is a waste), the Energy 2 consumption will equal the exergy consumption. 
However if we disaggregate the system by looking in more detail at the processes within 
the economy, greater differences emerge between the two analyses. Therefore, in order to 
have an informative description of the thermodynamic flows in the economy which can 
be used consistently at all levels of analysis, exergy should be used.
It was also shown that waste reduction is achieved by reducing overall exergy 
consumption; and that there is a parallel between resource consumption and exergy
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consumption. Reducing exergy consumption will therefore also reduce the consumption 
of non-renewable resources (if these are the main exergy inputs to the process), which in 
turn should lead to a reduction in the emissions from the use of these resources due to a 
reduction in throughputs. The use of exergy for quantifying the impact of waste streams 
on the environment was also considered, but it was decided that environmental impact is 
dependent on many more characteristics of a waste stream than simply its exergy. The 
waste exergy was nevertheless identified as distinct from exergy destruction in that it is 
exergy which remains in the environment and does have potential to perturb the 
environment, or more optimistically to be recovered for use in certain cases.
Having chosen the method of analysis, the next problem was which system to use and 
what processes to include in describing the UK steel sector. The life cycle approach 
suggests that all processes from cradle to grave should be included and that the function 
of the system is determined by the service-providing stage. On this basis two systems 
were proposed in Chapter 6: one which included all processes within the UK associated 
with UK steel use (SSI), and the second which included that portion of all processes, 
regardless of location, which were linked to UK steel use (SS2). Both systems were 
centred around the use of steel goods in the UK economy. It was apparent that neither 
system was isolated from the rest of the global steel sector and this limited the degrees of 
freedom available for the manipulation of the model.
Finally a system was chosen which met the needs of being an adequate description o f the 
UK steel sector yet for which there was sufficient information for the analysis to proceed.
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Since most statistics are compiled on a national basis a third system (SS3) was selected, 
based on SSI but with the mining of raw materials included. This is not strictly a life 
cycle system since it does not include all the processes connected to UK steel use from 
cradle to grave, but it does include the life cycles of the major inputs to the UK steel 
sector and can be used to analyse how this sector has behaved on an exergetic basis. In 
addition, since policy on environmental matters is largely made on a national level, this 
form of model provides a useful analysis.
The SS3 representation of the UK steel sector differs in several other ways from the 
conventional life cycle system. Firstly, because it does not include processes outside the 
UK borders it has to include trade in materials crossing the system boundary. Thus 
exports are counted as useful products of the system and imports as inputs to the system 
according to their exergy content. Secondly the use phase is treated differently. This 
stage acts as a stock of steel for the steel good lifetime. This introduces a time-dynamic 
into the model which more accurately reflects the reality of the situation. This allows a 
real recycling rate to be calculated based on the amount of scrap which is recovered 
relative to the amount of scrap available. This is in contrast to traditional life cycle 
analyses which are based on steady state flows and which do not account for changing 
demand patterns and availability of scrap. This method of representing the steel sector 
shows that it cannot be considered in isolation from its history and that the exergy 
consumption in any year is dependent on, among other factors, how the sector has 
behaved previously. In addition a clear distinction between home, prompt and post-use 
scrap is made which shows the fundamental difference between the first two types and
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post-use scrap. So while we should be attempting to minimise the generation of home and 
prompt scrap per tonne of steel good produced, the post-use recycling rate should be 
maximised to improve resource use.
The use phase is also likened to a process which separates the steel into either a waste or 
a useful product to be recycled, thus emphasising the consumer’s role as a waste creator. 
Looking at the use phase in this way allows the recycling of steel within the system to be 
accounted for in a simple and consistent way. Thus the benefits of post-use scrap 
recycling are twofold: firstly, it avoids exergy consumption caused by steel becoming a 
waste after use; and secondly, it allows steel to be produced for future use in the less 
exergy consuming electric arc furnace.
In conducting the analysis, the difference between the exergy consumption per tonne of 
steel delivered to use and annual total consumption was emphasised: for if demand is 
increasing, a reduction in exergy consumption per tonne of steel delivered to use does not 
always translate into a reduction in total demand.
Combining exergy analysis and the life cycle approach in this way allowed the 
thermodynamic flows through the steel sector to be analysed and the relationship between 
the processes to be understood.
3. Results
Chapters 3 & 4 contain the results of exergy analyses on 16 processes which form part of 
the UK steel sector. These included electricity production, transportation and mining, as
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well as the processes in BFBOF, EAF, OH steel production and cast iron production. 
Based on these analyses the exergy consumption in steel production per tonne of finished 
steel was calculated to be 19.4GJ for the BFBOF, 11.6 GJ for the EAF, 21.2GJ for the 
OH and 7.3 GJ for cast iron production. These process models were then used as the 
building blocks for the model of the UK steel sector.
The exergy consumption for the SS3 representation of the steel sector was calculated to 
be 28.7 GJ per tonne of steel to use and 380 PJ annually in 1994. This is the amount of 
high quality energy which is irredeemably destroyed in the steel sector.
Using historical data from 1954-1994 the evolution of the steel sector was traced. This 
showed that there has undoubtedly been a reduction in the overall exergy consumption 
both per tonne of steel to use: 52% of 1954 consumption in 1994, falling from 55 GJ to 
29 GJ per tonne of steel to use; and in total annual consumption: 55% of 1954 
consumption, falling from 694 PJ to 380 PJ. Some of this was due to a reduction in 
overall demand for steel and changes in the structural mix, with the major part arising 
from improvements in the technology used to produce the steel. Changes in the net trade 
in steel also affected these values.
These reductions were mainly concentrated in the iron and steel production sector where 
the largest proportion of the exergy consumption occurred, and arose from changes in the 
amount of steel produced, the method of production and the technology within each 
production method. These produced a fall from 54 GJ to 21 GJ exergy consumption in
377
iron and steel production per tonne of steel to use from 1954 to 1994, or in terms of 
annual consumption from 675 PJ to 277 PJ. The amounts of exergy consumed in steel to 
waste and in the transport of raw materials to the UK have run counter to the general 
trend of reducing exergy consumption and have increased considerably, the former 
because a smaller fraction o f the steel emerging from use was recycled in 1994 and the 
latter because more raw materials (iron ore and coal) were being sourced from abroad. So 
while recycling rates of post-use scrap have been falling, the distance which raw 
materials are transported has increased. However, mining, scrap processing and intra-UK 
transport were all shown to be only minor contributors to the overall exergy consumption.
Using the results from this analysis, three main areas affecting the overall exergy 
consumption were identified: the total demand for steel, the production mix, and the 
technology within these production processes. By looking at ways these three factors 
could vary in the future, the possibilities for further reductions in the exergy consumption 
of the steel sector were analysed. The results of Chapter 8 show that all three factors 
could have a substantial impact on the overall resource use in the UK steel sector in the 
future. The spread of overall reductions in exergy consumption varied from 15% of 1994 
levels by 2019 for the scenario o f constant demand, constant EAF proportion and slow 
technological improvement; to a 72% reduction for the scenario of reducing demand, an 
increasing proportion of EAF and fast technological improvement.
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4. implications
Steel in the UK is a material from a very mature sector. As such, according to the 
principles of de-materialisation, it should now be at a stage where its markets are 
saturated and demand growth rates are slower than growth rates in GDP [Bernardini & 
Gain 1993]. In purely physical terms, this seems to be borne out by the results of this 
research, which suggests that there have been considerable savings in resource 
consumption in the steel sector. However this study has also shown that there is still 
significant potential for further reduction in the future.
Methods to ensure that the maximum reduction is achieved should focus on measures to 
reduce overall demand, increase the technological efficiency o f the steel production 
processes, and increase the amount of steel which is recycled and produced through the 
less exergy consuming EAF process. Methods of promoting these aims are suggested 
below.
Reducing demand
As mentioned earlier, demand for steel is determined by the demand for services from 
steel goods which in turn is determined by the demand for the satisfaction of society’s 
needs. Here we only look at the hnk between service provision and demand for steel; the 
link between service provision and need satisfaction goes beyond the scope of this project 
but is an important field of research with perhaps much to contribute to the de-coupling
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of resource consumption from human well-being. This is developed to an extent in 
Jackson and Marks [1998], but is not addressed further in this discussion. Instead we 
concentrate on identifying how demand for steel can be reduced while services delivered 
to society increase or at least remain constant.
Demand can be reduced by delivering the same service using less steel or by reducing the 
demand for services from steel goods. This can be achieved by using better design, higher 
specification steel with improved properties and novel manufacturing techniques to make 
a product which contains less steel. Another method of increasing the services provided 
per unit of steel is through product reuse or reconditioning which involves designing the 
product to facilitate recovery, reuse and reconditioning. These steps have not been 
explicitly included within the model. Reuse was assumed to occur within the use phase, 
while no attempt was made to quantify the reconditioning loop between use and 
manufacture, because of the lack of any pertinent information. Both of these processes 
serve to reduce the overall demand for steel as each time a product is reused it displaces 
the need to produce a virgin product; equally reconditioning while still incurring transport 
and re-manufacturing exergy consumption ‘charges’ avoids the exergy consumption of 
producing the steel from scratch. Both methods also avoid the exergy consumption of 
steel to waste. The development of these types of products which are effectively leased to 
consumers to provide a service before reclamation might be encouraged by higher raw 
material and disposal costs. One further way of increasing the services derived per unit of 
steel is by increasing the product lifetime.
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Demand for steel can also be reduced by substitution by other products e.g. reinforced 
concrete in construction, aluminium or paper packaging, increased aluminium in cars etc. 
While this will undoubtedly lead to a reduction in the demand for steel and therefore a 
reduction in the total exergy consumption o f the steel sector, it is impossible to tell 
whether the overall effect of this product substitution would be to lower or raise the total 
exergy consumption of the whole economy. Further studies on the same basis as this will 
have to be carried out on these other material sectors to ascertain the dis/benefits of 
material substitution.
Improving Technology
Technological improvement within steel production occurs for several reasons. First 
amongst these is the desire to reduce costs. As material and fuel inputs make up a 
substantial part of these costs, any technological advances which reduce material and fuel 
costs while keeping other costs at least constant will make the producers more profitable. 
In addition to this there is regulation of the steel industry through pollution control, e.g. 
[HMEP 1997], and also environmental pressure from consumers who are keen to know 
the ‘ecological footprint’ [Wackernagel and Rees 1997] of what they buy. The steel 
industry is reacting to this environmental pressure, which it sees as a threat which could 
cause it to lose market share [Eaton 1997].
Current technological innovations which are beginning to penetrate the steel production 
sector include: thin slab casting, near final form casting (both of which will serve to
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reduce the exergy consumption in the reheat phase of steel production), new steel 
production technologies: COREX, HiSmelt, other direct reduction processes, as well as 
more general improvements in control of operations. Environmental regulations have also 
led to increased pressure on processes such as coke production, with a view in the 
industry that the design of coke ovens will have to change radically if any more are to be 
built in the EU [British Steel 1995]. These alternatives are likely to be more efficient in 
their use of materials and energy leading to further reductions in exergy consumption.
Acting against the implementation of these technological changes are the high cost of 
capital investment (retro-fitting new equipment is often prohibitively expensive) and the 
current economic regime in which material and energy costs do not include the 
externalities which the rest of society (present and future) have to pay.
Also, because of its size and high capital intensity, the steel industry has a large inertia so 
that change will not occur rapidly. For the same reason of capital intensity, there is a 
strong desire to keep old systems functioning to maximise the return on this capital.
Increasing the share of EAF
Despite the large inertia in the industry, the methods of steel production have changed 
substantially over time. There is no evidence that the mix of steel production itself has 
been specifically regulated; changes occur in reaction to the prevailing economic and 
regulatory conditions and to the evolution of steel-making technology. In the currently 
privatised steel industry there is no one body which has control over the structure of the
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industry^ ^  (i.e. the proportions of EAF to BFBOF) so any changes in the system will only 
be influenced by changes to the environment in which they operate. From the earlier 
results it is obvious that one way to reduce exergy is to substitute BFBOF with EAF. 
Typical policies which might encourage this include: EU directives on minimum 
recycling rates, landfill taxes and materials taxes. Acting contrary to this are the 
reluctance to decommission old plants (mostly BFBOF) which have large amounts of 
capital sunk into them, the volatility o f scrap steel prices which make dealing in scrap 
inherently risky [Mayer Parry 1997; Nilles 1998] and also the problems of getting a 
consistent supply of good quality scrap. The latter is also caused by a lack of any 
incentive for manufacturers to design products which enable cost-effective recycling. 
Designing products for recyclability as well as reuse and remanufacture would have 
benefits for the whole sector’s exergy consumption. One reasons for this oversight could 
be the lack of any link between recyclers and consumers or manufacturers. Creating such 
a feedback link through extended product responsibility on the part of the goods 
producers, or through take-back schemes (possibly with financial inducements) would 
help to increase the recyclability o f goods and make the supply of scrap more consistent 
[Henstock 1988].
Summary of Implications
Looking at the drivers which would encourage reduction of exergy consumption in these 
three areas shows that there are many which are common. In particular material or energy
Although British Steel does own both BFBOF plants and EAF plants these are fairly autonomous.
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taxation and taxation on waste disposal would appear to be likely to speed up 
technological change, increase the proportion of EAF, and reduce demand for steel. 
Although there are undoubted complications in the introduction of new tax regimes (for 
instance the UK landfill tax introduced in 1996 has reduced the profitability of some 
recycling firms when it was thought it would encourage more recycling [Mayer Parry 
1997]) the basic link between these policies described here and reduction of exergy 
consumption still holds true.
Implications for the environment
If the steel sector does evolve along one of the possible scenarios described in Chapter 8, 
then there will be reductions in the resources consumed in the steel sector. This will go 
some way to reducing the drain on non-renewable resources and the production of 
wastes. Nevertheless the total scale of the reductions - around 50% of 1994’s exergy 
consumption by 2019 for the ‘medium’ case scenarios - is still far from what is required 
for a sustainable solution. The resource depletion will still be continuing at a faster rate 
than resource regeneration and pollution will still be being emitted into finite sinks. In 
addition, as other developing countries’ demand for steel grows, any reductions in UK 
demand may well be offset. It is possible that these countries will also develop their own 
steel industries to supply steel demand. So the total resource consumption in the global 
steel sector is unlikely to decrease as rapidly as the UK’s. In light of this a more radical 
reduction in steel demand is probably needed to bring about a significant reduction in 
resource consumption. How this could be achieved is something this study has not
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addressed, but the results from this study provide the foundations from which this kind of 
research could done.
5. Areas where the methodology could be improved and areas for further 
research
This project has identified several areas which would provide interesting and valuable 
further research, both in the methodology adopted and in its application.
In the methodology of exergy analysis, the relationship between the exergy content of 
wastes and the environmental impact of those wastes could be looked at in more detail, 
perhaps considering reference states more accurately reflecting the particular receiving 
environment. This would identify whether, and in which cases, the exergy content of 
streams could be used as an indicator of environmental impact.
Another area of further research would be to extend the analysis to other steel plants in 
the UK to get a more accurate figure for the range of exergy consumption values in steel 
production. As well as refining the result for the total exergy consumption in the steel 
sector, this would enable scenarios for changing the mix of steel production to be 
assessed more accurately. In addition, one major omission in this project has been the 
exclusion of exergy consumption in the manufacturing process and in particular how the 
ratio of prompt scrap produced has varied over time. This could affect the calculation of 
the actual amount of steel going to use and hence the overall exergy consumption in the 
steel sector.
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A more detailed examination could be carried out of how the lifetime of steel goods and 
type of steel going to use has varied historically. This would enable the amount of steel 
available for recycling and the type of this steel to be determined more accurately using a 
more detailed model. A study of the exergy consumption in individual product groups 
e.g. steel cans, construction steel, automobiles etc... within the steel sector would achieve 
this. In addition this would help to answer questions about how product design has 
changed demand for steel in these product groups and what the likely limits to savings in 
steel use are. The impact of design for re-use, reconditioning and recycling could also be 
analysed.
Other omissions in the flows of steel and scrap in the model include the trade in 
packaging steel entering the country. This is one of the unidentified flows o f steel in the 
economy. Tracing the trade in packaging would require the relevant national statistics 
body to include packaging in its accounts.
In Chapter 7 the reductions in exergy consumption in mining were contrasted with the 
large increase in the exergy associated with the transportation of the mining products, 
showing that, overall for mining and transportation, there has been an increase in exergy 
consumption. This could be examined in more detail to ascertain whether this 
thermo dynamically undesirable development is counteracted by improvements in blast 
furnace or coke oven operation downstream due to higher quality materials, or whether
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this globalisation of trade does actually lead to a worsening of the thermodynamic 
performance of this part of the system.
Another natural progression from this project would be to investigate other countries’ 
steel sectors to quantify their exergy consumption to see if there are substantial 
differences in the way they use resources. It would might also allow greater opportunities 
for system optimisation in the relationship between different countries’ steel sectors.
It would also be very interesting to investigate the effect of substitution of steel with 
other materials. This would involve calculating the exergy consumption of these other 
materials’ sectors using the methodology from this study. The effect on the total exergy 
consumption of substituting say aluminium or concrete for steel in certain roles could 
then be calculated.
The models of the steel and scrap flows in the steel sector could also be used to examine 
whether impurity build up in the recycled steel will be a substantial barrier to achieving 
high recycling rates, and at what rates additional processes might be needed to remove 
these impurities.
One final point is that in the light of the difficulty encountered in acquiring data on 
material and energy flows in all processes in this project, any study which increases the 
body of information pertaining to materials and energy use in industrialised economies 
should be encouraged. It was a surprise to find out that so little is known about the flows
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of materials and energy in economies particularly with reference to wastes. If these 
wastes and resource consumptions are to be reduced, then the first step has to be to 
monitor these flows so we can understand how the current system is behaving and 
therefore what needs to be done to improve it.
6. Conclusion
This project has demonstrated how thermodynamic analysis can be used to address 
environmental problems associated with economic processes. It has used the 
methodology of exergy analysis to examine the steel sector in the context of the second 
law of thermodynamics, and has demonstrated the advantages of this approach over the 
more conventional first law analysis. In addition, it has built up a comprehensive model 
representing all the major flows of materials in the UK steel sector from 1954 to 1994, to 
show how this sector uses materials and exergy, and therefore how it relates to the 
physical world and its environment. Analysis of the evolution of the steel sector showed 
how this has changed over time, considerably reducing its consumption o f resources. 
Extrapolating some of these trends then enabled likely futures for the steel sector to be 
examined. These showed how and to what extent resource consumption could be reduced 
further in the future. Ways of encouraging this were suggested.
Overall this study has increased our understanding of how humans use materials and 
energy in economies and should provide a firm basis for further research and application 
which will allow us to lessen the impact of economic activity on the environment while 
maintaining or improving current levels of quality of life. For as Georgescu-Roegen
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[1976] said: 'The real output o f an economic process...is not the material flow  o f waste, 
but the still mysterious immaterial flux  o f  the enjoyment o f life \ There is no physical 
reason why this ‘enjoyment of life’ cannot be provided for with much less of an 
environmental impact than in the current economic regime. I hope this dissertation has 
gone some way to showing the reader how this result might be achieved.
The End.
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Appendices
Appendix A : Exergy and energy of materials in the steel life cycle
Table A1 Enthalpy o f devaluation and chemical exergies o f substances.
Substance Enthalpy of 
devaluation (MJ/ltg) Chemical exergy (MJ/ltg)
Source
Air 0 0 Szargut et al 1988
Blast furnace gas 2.7 2.7 Fulton Hughes 1995
Basic oxygen furnace 
gas
5.2 5.2 Fulton Hughes 1995
Burnt dolomite 3.1 1 .8 Szargut et al 1988
CaF2 0 . 0 2 0 Szargut et al 1988
Cd 3.2 2 . 6 Szargut et al 1988
CO 1 0 .1 9.8 Szargut et al 1988
CÜ2 0 0.5 Szargut et al 1988
Coal 25.0 27.2 Fulton Hughes 1995
Coking coal 31.2 40.0 Fulton Hughes 1995
Coke 29.9 31.6 Fulton Hughes 1995
Coke breeze 28.6 30.2 Fulton Hughes 1995
Coke gas 39.9 39.9 Fulton Hughes 1995
Chromium 10.9 10.4 Szargut et al 1988
Dolomite 0 0.08 Szargut et al 1988
Fe2Ü3 0 0 .1 Szargut et al 1988
FeMn 8.4 7.8 Szargut et al 1988
FeSi 14.2 13.1 Szargut et al 1988
Fluorspar 0 . 0 0 . 1 Szargut et al 1988
Fuel oil 38 40.8 Fulton Hughes 1995
Iron 8.7 8 . 2 Szargut et al 1988
Iron ore 0 . 1 0 . 2 Calculated in Ch 4
Light crude oil 35 37.6 Estimate
Lime 3.2 2 .1 Szargut et al 1988
Limestone 0 0 . 1 Szargut et al 1988
Magnesite 3.1 1.7 Szargut et al 1988
Manganese 9.5 8 . 8 Szargut et al 1988
Natural gas 50.0 52.0 Calculated as for 
methane
NH3 18.6 19.9 Szargut et al 1988
Nitrogen 0 0 . 0 2 Szargut et al 1988
Open hearth slag 2 . 1 1.5 As for slag
Oil 38.5 41.4 Boustead 1979
Heavy oil 38.3 41.1 Boustead 1979
Light oil 38.8 41.6 Boustead 1979
Oxygen 0 0 . 2 Szargut et al 1988
Lead 1.5 1 .1 Szargut et al 1988
Pig iron 9.2 8 . 6 Calculated Ch 3
Steel scrap 7.5 6.9 Calculated Ch 3
SiMn 16.6 15.5 Szargut et al 1988 •
396
Substance Enthalpy of 
devaluation (MJ/lcg) Chemical exergy (MJ/kg)
Source
Sinter 0 . 1 0 . 2 Szargut et al 1988
Slag 2 . 1 1.5 Calculated in Ch3
SO2 6.7 4.9 Szargut et al 1988
Steam (High pressure) 3.2 1 .8 Calculated for steam at 
425°C and 90 bar
Steam (Low pressure) 2.7 1 .0 Calculated for steam at 200‘^ Cand4bar
Steel 7.5 6.9 Calculated Ch 3
Tar 36.3 38.9 McGannon 1979
VOC 30.0 31.2 Szargut et al 1988
Water 0 0.05 Szargut et al 1988
Zn 6.4 5.19 Szargut et al 1988
397
III
I&30
1
423t
QQI
sI
Ii
1I
g
oc/3
I mo
oooIo
s
cd
IÎ
II
U 03
?
IlIÎ
s
IIC/)
I
OO
,tîi ooo\m
I
.g
gî
Ii
§i
I00
IO
oooIo
s
g.s 00
R
R
OO-
o
W3
II
vo
II 00 I1 I
00ri
ri
V3il o\ONen
I
I
I
ICO
I
0\Î
00
ON
no’
•no \ON
m
r n
o
&JCO00
§ m(N
a
oo
O
I
m m
o
NOo
o
oON oo
o
o
oo s (No mo
o
I
I I
Iu3
â
I 3s*3o
ON
NO
IT)
oo
■S
2  SO 0)
Ii I
cnm
c n
o
o
o
Ia
I §II oo
1I
1
aÎ
i
IÎ
ICO
IO
IO
oo
l lS'SII
ooON
o
K
1I I1 CO II
oo
, 1II o
iII
I
I
o
o
ONvd
oo
ii II II
ONO
8
,tIi g
1I
scq
I
I00
IO
Io
ON
NO
ID
8
iI
ON
NO
OO
T3ll
W
NOo
•g aIif f
3a
I § 
1 1
cno'4-
I
I
1III
I
iI
a
ICO
o
I O
oIDI o
aaa.e
II
IDTf
ID
«D
Ia
s I
o
<>îo
l lil S)I
<N
I
a\
1I
ooo
ONOO
ONIDO
1
3
(N
oo
o
T3
IiP (t=i fi II
ooNO
ro
, tH '=d-o
01
i,
I
I
I
I
II
01 
1
S32co
3•oo
0
Î
LLOCOLLCO0
$U)0a
Ü
3TJO
>
§
ËE
3O)c
8
~oc0co■•0
3■O2CL
O
1I•351
01 0) OLI
I
I
ll
8 SCO p)IIIO CQ CÛ
§
O)
o
o
■O
OCO
oo COo O)
CMCO
CO
o
CO O)
D) U)
CO
§
Q
I
sI
CMOQCZ3
1
C/)CO
!I
3
II00
8 (ÜTD
CO ÜLi- (1)< szu] H* (/)
o
TO .2 
O CO Ü
Ü
Ü
DL "5
gin a> Ü
h iSi t
m
Ü _
h~ in
s J  
1 ^ 1 Ü
CDO (O "  oS O “  c  cu= a. Ü
£ E ÆK IE «
Ü
^co’-S
l i t Ü
VOo
3
£ g
- | « _ î
M i l l
o
a: s
e3 0)SI
II
08
pa
a  "2 c 2 CO M .2 (0 E
pa
g BI I
I I I
Ü
Ü s 
(0 0) 
Q. O 3 Ü
O (D 0) «
ÜI m
o d> g 3Ii
o
Ü
q:
0 0o
C/D
CL§ =w on
.2
Q. 2
i 22a. U)
s |
I S I o
ü
B 0) w 0)
ü
LU
ü
f— üS
ovo
0) m|li£  c: p
2  •“  Q) ■— «  tn
ü  a :
_  w t ;  (U ^  o  0) o  Q .
— 42 "S ® E oS 8 g- co a  0)
Q) -g Q) O p  roW a i :  D. E 2
ü
pII
0)II
ü
o
s £ 0)D )Ili ü lit
b-o .2ï S _ S
l ï l l
:  s
II ü II
QJ,5 m
ll
ê
I I
II
•s,<s p 75 w
Q . tn
filCL «  -o
I sII ü
l e
i lZ *u
l l
III ü
ill
75 "g u
Ifll
•Il ü
II»ill
g
1 1 ü
i l l
u n
"g p £*un
ÛC
CM
■E I-
X
IISi
« e
Q- -S
e I
.E* ^  am
Ii00 p
1 "  o  „
00
w__
ilo  m 
•tn Q)
I
a
CM
R
o
%
O )
g
CM CO
: i
i
■o oo o CM CD M -p M" N CO» 5 tn tn ' i tnra o d CD CD CD CD
i Bo pZ ü
oo N tn m tn COp (O oo o a CMCO N N ■M" NCO CO CO h- N h-
B 2j= ro1- üo CM oo COQ) o o N
.(0 CD N CD CO CD q
CQ CD d
E 2o mZ üm CM tn tn N
p (O 00 CM TTtn CO o N a oCM CD 00 CO CD
B r- ü73H üo o o o o o o oeu o o o o o o o o oW o q CD CD o CD CD q q(Q
E 2O mz ü
m CM tn LO h. CM o M"a> (O M - 00 CM ■M- o tn CMm CO o s o CM > - CM
c (N CD CO (O CD M - m CO3 üro
H " o
*o CM M - m CD tû o CM oo MQ) CO CO CM LO M" a.g) O o o o CD CM
CÜ O CD CD CD d CD CD CD CD
E 2O pz üo CO (M o m COO O o o m h- CM CM r~.0) NT M" M" CO O) N o ooc CM cô CM
a oph“ ü
CM CO CM M" M" M" M" aQ) CO a M" H CO M- CM h-M o
CD CD CD CD d CD CD CD CD
I 2o pz of - r>- r- CM CN CO M" CO CMQ) 0 0 00 CO CO (O tn h-CM CM CM 00 CM M 5 a COCM CM CM CM CM CM
2 2p1- ü
00 ■M- a m O) M. o in 00CO (O lO CM 00 CD N tn aS CO OO CO 00 oo oo q oo ooCD CD CD CD d CD o CD CD
i 2Oz üm a CM N LO CO CD T f CMCM CM CM (O CO tn CD0) lO CM CO M- o a CO M- 00c o o CO m lO CO CM COcs üpH ü
CM lO oo TT m M T f
o a tn o CO CD o N CD.(A CO CM CM CM o o
03 CD CD CD CD d CD CD CD CD
E oo pZ üm CO 00 CD o tn M" 00p CM a M- G) h - TTc a M- 00 CD M"CO CO ? CO CO CM
2 2.c pi- ü
M" a • î a a M - alO lO CD CD r ^ r ^ CO 00 aa a a a m a a a at -
«Ep
Ù l
en
■s
i l
I%IXflS
(/]
à
S3
Q
o
L
i s
S3 roo  O)c  _  o  oo  m
MM
s i l i lîl
l l i l E £
0) 3
i l l i lli
p 3 
3 <E M 3
ü
E 2 3
■go
JËI E 2
u l l
_i l i |  m i i i
m
m i  1 i
il!±: Ü3 3
•S i
O  C
l l
3 ?  gill111.
o
III
J 1III
III!
T3 2
CM
O
O
Ü -
Ü  SZ
SU a
2 R
2o
2  R
I f
Ü
LU
CM O .CO ro "o ^ I
CO SD.’S
n i l
ii
i ?ili
J l iro CL V) 3
p
i l i l
1 Î
üIS
e g
IS
Ü
2 Eii. Ü l l
— Ol CO CD
f  (0
CO
u
CO
IS
TO U. Ü O CO m
Î M i l COTj-
1I
M
Q
I
■Sg
COI
iSi ^I
5I
I
aL-t0
1
tüI
aI
îiio  a  KII
I  e
I I
I
1K) 0)
y
a  g11 g I
I
a
"Ÿ (N Os CN tn CN MT M^ tn CDs tnr? y» os p «n o Tf oo Os Os tn Os en 00 en OS tn ossu yr CN Os SO (N r - o Mt- C- SO en tn sn CDs r -V') oo cy en N" o Ml- -4- SO M1- en SO r - MC os m oooo so so r - SO SO so SO SO so SO SO SO tn SO tn tn tn
r-H C'' p os en m OS tn en tn r - o Mf- OO o CN r-.OO (N r" CN Tj- en oo CN en os o oo r - Mt* CN oor i en TT SO oo CN SO en O Mf SO en oo oo tn SO tn oo r-'OO oo oo Os o o o CN CN o O o o CN
p en ■st o O os en tn 00 OS os oo M}- tn o tn CN CDs mo CN oo p os oo N" o O Os CN o m oo Ml- I-" ooMf "4- so p in SO oo en mT CN Mi­ C" SO MT CN enm m m Tf Ml- tn tn Mf mC Ml- en CN CN CN CN CN
oo en r - <N SO OS ■sa* M CN oo tno so o OS N" en CN N" O SO oos en C5S CN r - o en o os enCN en en "4- •st MT "4" tn MJ- Mf en en
U-) m en en OO en M en t-' ooOl en oo c~ O m Mj- CN SO O oo Mf tn osoo C" SO tn «n MT "4" Ml* en en
vo Os <n SO Mf en Os oo SO o 00 w Os oo mC SO O 00o o Tf en CN os oo tn Ml- CN en en CN m SO tnoo Os oo SO en en en en tn tn oo r - OO sn Osm CN CN TC en CN en en en O Os oo os oo OO OO
oo oo OO oo SO Os o CN SO Mf o oo os OS SO CN tn CNoo CN O oo en oo m en SO oo oo oo m enen OO CN Os Tj- «n Mf o en CN o oo Os os oo SO en tno OO Os Os SO 00 oo OO SO M|- Mt- CN o OCM CN
oo en en CN tn oo SO 00 MJ- Os SO oo Ml- CN en o SO-4- p os o oo CN os (N tn en Mi­ en ■•tr CN CN oo CN r -o oo SO c?s "<r O tn oo en (N o r - oo00 so «n SO Os os oo 00 os o OS os o GO tn SO SO SO SOCN CN CN
in o o en SO tn CN en en Mt- en 00 mT MfOs Tf CM oo CN oo m tn CN CJs m os OS CN Os C" SOso TT 00 oo SO Mf SO CN CN OO CN (N tn en o CN Mi­ en MTCN o CN SO r - MT SO SO 00 Mf tn SO CN o CN ca o(N CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN
O CN en Mt- «n SO r~ OO os O CN en M^ tn VO r - OO OsVO SO SO vo SO SO SO SO SO SO r~ l'­ r - r-~ r - r - c-- r--Os os Os os os os os os C3S os Os os Os as Os os Os os Os os vo
?
I
aI
1 1 1
i i
1
II
ila  2Pt< o.
it
o
o
(N
CN
CN
II
< eI
T31
wI
f
H
0
1
aI
u1
11i
o
-o
ca
oYKtÜ U
o
o
a
Ü
o
Mf-cn
otn
oo
S
S?
oOS
SÎ
r-'
o
<N OSo?
otn
oo
Ml-rn
O
soo
Os
sotn
m
tnr-
oosqr-4
3oMl-
(N
SOtn
Os
SO«>tn
2 ;
CN
OS
cs
?00 s
om 8R CN CN
S g
CN CN
OO
-Mj-
Om
O
o
ü
o
o
ü
ü
es
o s
II
■8O
§ )
*0)
£<0
Ï<0
Î
so
Îu
fc8
I
I L
;I
I
I
?
g
i
3
43
g
g
PH
I I 
§  2
1 1
H
T ) MC IMC3
3 oOJ 3H
t
vo
SMt
M t«n
vo
r-
os
S
Oseno
(N
O
en
vovo
oooo
s
s
5g«o i es
g
es
ooo
es es
es
cd
§u•S
I
g1I
8f
I
e
it
1
CL,
Iî
. s
•i
PLI
I
gos
MtOOOS
S
sos
sos
3Os
I 3os
ON«nON
g
■eo
e i
i l
II f I cci
l l
(DII i l
g
oMt
Oifi
I
C''
ONen
oSOMt
OsMten
(N
Os
en
I O I
II
(UI
II
CO
■si
11
£2 w
l i l l l
I I"S .E
E  E=5 .9-
O  1  >,
S  -o Ec  c  a .-----OS
^  u  c  o  JS q: a> CL
ill
B  o  c  111 "
CO w o..b= 0)
11 Ifi l l a .tIfI&
m
(I)
, 1 1c  o  •=: «nil
Ô  g
S |  %l i l l
.|sf
=  3 S i
Z - j  Q . g11Q)
O  E £>
,111O 0) D) 0)
il i l l
2  TJ O C
CO a> Q..!= tn
0)
m« I
g g
CD O)h- inu> onCO cn COto Cf) 3}-
LU LU
III II
5
f001
. s
I
>
II
LU
CO
X  u> CO >- ro
in
ICO Ü a: O  liJ
aIIg
Q)
€
L.
II
Ê
CDIsI CD «II
g | w  g g o
w 5  Li_
■ 5 1  j  a
I
UJÔ
|g
i  go
1 1 5
l l igCO 03 m  Ü
l l i
l l s s
O (i= CO Q. O
LL
g
^ ' o ë w
CD.f i leCL O
l i l l l i l<0 T3 "O ±: ^  to
•O
9 -  m  -  _
g l l a lJ l
111
O) :5i l lo  8
O Ü3 C
2  E  «
1 _ 1I I I
CO
CM
O)
CO
CM
CO
I 8
IO)
l - §II
, | R ,
i S  CO 03 CO CD
si  jgs
2
m o
la
|gI g
C33
IL
la
i J l f gCD
t h hO cp: CO CL O
CD
JIIÜI
9" CD ___ 03 ' S
.CD E  y ?  «  E  ®Ü 0) < O Ü
l lg l 03 Q.II
Is *
CO Ü E
CO
iIM
CO
2 5
O (0II
CO
CO
1 - 
c  03 E2 « l
03
r~-
CO
X3JTO Q
TO
DC. 0 ) 0
a. mII
.4^  sz
3 W
|||-  
CO TO O)
TO
I § | iO CO "o "o
L Is
l U l I i
CO "o -o  _h= ^
t i l l TO D.I ^CO "O LLl w
î l i i i !
I l î l s
i l
,x w o  g  -G 2LU (0 o)4{= O c  TO TO
c/5
l i P o  £
f i l ?
CL TO D) o
- = § o  iTO c  -o  f :  c
£  O S =  ^  ®
CO vfc: CL TO Z) E
f - s l l -£  TO tp  "O £
S I-i 3 2LU TO tp "o £
§ 4 4 - | _"O o  w TO^  2 _______Z) o. o  ip (0c  cI l_l
TO
S
TO
fil§
1 g E  Q-~  TO fc£  O £
8  5  =DC 0 ) 0
tu TO
CO i ^
TO E  TO ü  3  «
l'IlîCO TO O ) 3
I  I f so  (O "O "O
•c o
TO X .
8-
CO. TO ^
E g
4= -7,TO TO CL 
"O %3 =  * , .C TO
f i l l TO CL15
i i i i i
■Ë TOO 111 =£TO 03 O J=I S'S , Ï  I
,x % § 1 ^ 5 3 2LU TO 03 «4= O E TO TO
5  3  TO
"5. ^  2  4W| i i f
CL TO C03 O
| to1 I £  gs « s W S i
£  TO tp  "o £
iMCP -O £
T3TO
2O  CL O tp  TO
TO (gs
Q? SCM 03
is g.§
CM CM
oo
Il
o— o
I I p
1o s S PTO U c O) 3 TO CL C
iL
oCL03, r
O .Ç
o^ TO TO (D 2 C -3 P  TO O 2  E* U)CL 3
i l l s-o i-03 O
I I I e
s i i
CO Q. O
I l l ,
I l  hu  j=o
2 o o S-2 P
O)
£  E
P I
o gl'ip| | J2 TO 0) o  .
h -  TO TO Q -l
i l
II,
j .  0 - 0 2I § i i.g
IL
^ § 8 .lllB
l i a»ls
o_  TO Q.
I l | pCO 0)4= 4-
1 I  i l | pLL TO £ «_,
75_ 2 _  o  .tï Q. o
"O L: TO P  ÇTO c
— 3 - 3  
8 - 8
CO 0 . 8
CL
- ■ ^ 1  Sæ s I  g
l i f e
i l
c  c  -3P 2  H
O)
cô
O)II
ifp
i ' ie eP| | J o\9
aO)
G TO
E SisTO ÔilL
m ü
la
fg
M iITO (uP “Q - X  <  ^  <0 TO LU CD
i . | o ^CO o  CQ CD
ü
2 . 2
>  u .I s s
§oDû £
I si» cQ . O
I j l l fO  W= TO CL O
» l g -
i l i
TO CLJitii«|g TO CLPx : TO
a l  s
CO u
11
TO
TOOII
8  8  111
CO
S
s
S5
1 * 1
I I
w
i r
I I I
m ô
CO
2ss
fêLU 00
O
O 2  ^
CO TO ü  CD
CO CD
t |5^CO TO LU CD
üS  > ;:=I P»LL|g§
OIs
I l i
l |gs
LiiL^  o  0=  TO Q . o %
Lis üTO *S TO P^  O (f: (O CL O
l i i l l i
CO T3 TJ i :  x:
g l a s
l i i i f
111
O) 5i l l CO
g -o  (/)i i„
1 _ 1III
oc 0 ) 0
«  i
l!,l3  (/} .O
l'HlCO 0) O ) 3
I  § | iO CO "O "O
i l . I;
CO -o -o ±: J= «
(f)"C ÛO 0)illl11LU TO 0)4 (D TO
III-E £ Z ) £
Q . 2  4 -| i i fCL TO O) o
I £ I 2 =  ^ I2= CO «t= Q. TO ZD E
I s p -£  TO IP TJ £
i  .8  8
X o  •£ to ^  
LU TO I P  T J £
O  O . O  tp  TOI 1-8
O
i l I f i l !
llitg
CM
DC 0)0
I S
w  i  _I l  as s i i
- B E Z  
£  Ë «CO <U O) 3
I  § | So  CO "O "Oih
CO - o  T J £  H- .E  TO
IliiFoTO"C TO <D
l i  i J ïliLU TOl i . i l .0 ) £  ZD E  (0 TO
ZD1 £TO §S nM 2CO£ E £ ZD
fillO . TO O ) o
§0) 2  "O £
o  £  o  2  =  2£  CO £  O . TO ZD E
| s P ï£  TO tp  "O £
0) ô) 
0)
LU TO ip "O £
T J G  w  o§ l g l
8  ■ § _ !  
§ s s | | ?
ZD CL c  v= TO (D
u Q) cTO O) o  (J)
llltg
S
CM
CM
• s  .o£  p : 8
Ik
O £  £  C
m I
II •s,III
oCLIL
L . ZD
ë  5l§l i e
I I I e
1 I  
p | PLL (/) £  *^
(g C
Ü  2  Q. O
|IeC/D Q. o
§ .0  (0 52
I s l l .iii
i lC  C  - 3P  ro h-
r ô - |
P I
ï Ip
E P•^1 cn0  «  _  3  
"O (U Q) 73
2  0) <U P  —I H  to to  Û .P
CD
CO
il
W i PË
3  TO OL c
O CLIL
L .= )I 2o  .£ i  P
lille
oTO Q.lllE1IIIEoS-
Il II
|IeC/D Q. o
ilisfE
p o
i | p
fc
H E
- i-5  2 Ë P fe
£  ç  Xi
œ lE ü> üi £  -3t— TO TO Q .H
CNc nN -
?£TO
"(0
LL<LU
c£TOC "rO tl)E
TO
t777r u.to EE
(1) to73 £n> ÇTr o
n o- I c
77 X:TO u0: £
(0
m o
H
I s
%  g o
^  (1) •— 
CO ^  o
CO 8  LU CD
tl&iCO 0  CQ CD
ÜI
2 t p i u ^
I l S S
Llîlc^  O  i p  TO Q . OCO.
_ §  I $ --P .P.^  O IP TO -D. O
s l i H i iX:CO o  TO O =  CO ~ 0  T ?  £
a.
-=|co IsllJTO
sill
l i l l -
2 £O tol i_
1  -  CO _  to
o j  TO £  TO T3
CD
CO
CF)
CM
LL
m
C ^
I I8 I
g |If■g,§g gII
l j g £
'to
l i o
h
ig
llP
CO TO lU  CD
CO TO CO CD
ils
la
U- “S  <  X:
i  £  1O Ip TO Q.
LU
s  1 * 1y- C TO
- i l i l
CO 7 3  - g  £
5  _Ü TO
TO Û.II
73 —^ c  X:Q. to _ TOHall
l l g i l
111
D) *-•iifiL
2 £  O (0l i
1  =to _  toI £ TO£  TO 73
CD
CM
CD
CM
CD
CM
(7-i9
73 C
EUS
ce 0 ) 0
Q. 0)II
i S
| l l iCO d) O) 3
p i so CO 73 73
i L  I s
COI I P73 73 £
73
Q- ro ^  _  0)l l s l l i
f i l l s
3  EP<u «TO "O g rr
«  O 1 ^  «TO 0 )£  ZD c  (0 OT
3 4_!
i l î l i
f i l lCL TO O) o
ZD
l l î l i s i
. 1 1•C
£  TO ip  73 £
° | 8  %  S  E  % -LU TO ip 73 £
M ih— ZD Q . O tp TO
73 TO 8^ s S -i ^ g  gZD Q. C «p TO te £
g  OTO r- (N O)TO O) O O)
_  toCO 3l i s tg
CM
I
I  l i so CO 73 73
I PÛZ 0)0
I Io ro CO 5 *-
Q.
-  2  TO O
CO
itJîCO TO O) 3
îLls
l i l f l i lCO 73 73 £  X: TO
fil i l l•iü-x: TOCO 73 LU
Il II s11 LU TOP 30 )£  ZD E (C TO
i i i i §
a. ^|§i|CL TO O) o
ID
£  CO £  CL TO ZD E
fills I
° I lH l l s
§tlilI 1-1 IT) CMS
I l tdII
c! . . m
il
S o ,
U p
11.
3  Q .i l lE
£§§■1, a PH-C/5 <4^ w
life
■D fc 0) O ■d 9"IllE
Ssli
it?
^ 3  °l l lL
fl oi p
p r o p
5 # P
it2 1 P I•O TO TO -OE  02 p  2  ■I— TO TO 0.1
W
CO
ro'ro ,o =  H I
o5 i P
iiiiî
oiL
, . §  s .  i l lE
I i I I e I
oTO Q.IllEaI I I e
s i l l
CO
its
g .i l l
§l-gO  Ü £
p ro H
-  a 2 -I
P I
ifp
lip
"O TO TO "O^ S I I p c nm
